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ABSTRACT 
The study of nuclear collisions has attracted the attention of the high en-
ergy physicists during the recent years. One of the main considerations for 
undertaking such a study is the possibility of searching for the evidence of 
the quark-gluon plasma (QGP) in these collisions. QGP is envisaged to have 
similar characteristics which existed 10"^ ^ — 10~^ seconds after the Big Bang. 
QGP is also believed to exist in the core of neutron stars. Since the conditions 
of the Big Bang can not be reached now and the neutron stars are quite far 
away, relativistic heavy-ion collisions remain the only possibility for looking at 
the elusive phase of quark-gluon plasma and the fingerprints of its formation. 
Study of various features of relativistic heavy-ion collisions became possible 
only with the advent of several heav-ion accelerators and colliders. The two 
main machines which are especially dedicated to the study of ultra-relativistic 
nuclear collisions, especially the production of QGP in the collisions produced 
by the ion beams from the Relativistic Heavy Ion Collider (RHIC) at BNL 
and Large Hadron Collider (LHC) at CERN; RHIC became operational in 
2000 while LHC is expected to start functioning from early 2005. 
In A-A collisions at RHIC and LHC energies, the conditions necessary for 
the production of QGP might be reached, confirmation of the formation of 
such a phase of matter would still remains elusive. It is because of the fact 
that even if QGP is formed at these energies, it will be of very small size and 
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would survive for very short time; QGP is visualized to be a few fermis in 
diameter and to survive for ~ 5 to 10 fm/c. 
One of the most important probes for the formation of QGP is the occur-
rence of fluctuations in the multiplicity and pseudorapidity distributions of the 
relativistic charged particles produced in the collisions of heavy nuclei at ultra-
relativistic energies. The idea of considering the occurrence of fluctuations as 
a probe for QGP formation is based on the fact that if QGP is produced in 
these collisions, it may give rise to non-linear emission of particles, the effect 
of which would be reflected in multiplicity distributions in the form of exis-
tence of unusual peaks and valleys in these distributions. However, it may be 
mentioned that the fluctuations may not arise due to QGP formation only, 
there may be other reasons as well which may be of purely statistical nature. 
Thus, it is always desirable to separate out the non-statistical contribution to 
the fluctuations so that some conclusive remark about the physical origin of 
these fluctuations may be made. 
Occurrence of non-statistical fluctuations in the interactions of 4.5A and 
14.5A GeV/c ^^ Si nuclei with emulsion is investigated in terms of scaled facto-
rial moments. The scaled factorial moments are observed to increase linearly 
with decreasing bin width. Thus, the predicted power law behaviour of the 
scaled factorial moments has been observed, indicating thereby presence of 
non-statistical fluctuations in the interactions considered. 
Variations of the slopes of In< Fq > versus -\n6r) plots, which characterize 
the strength of the intermittency effect, with the order of the moment and 
the incident energy are examined. The slope parameters are found to increase 
with increasing order of the moment; their values turn out to be greater for 
the higher incident energy for each order of the moment. 
The fractal nature of the particle emission source is studied in terms of the 
anomalous dimensions, dq(= - ^ ) . The anomalous dimensions demonstrate an 
increasing trend with increasing order of the moment. On the other hand, the 
values of dq for the interactions caused by the projectile of higher energy are 
higher as compared to those for the collisions caused by lower energy projectile. 
Furthermore, the values of the anomalous dimensions for the interactions due 
to lighter targets (CNO) are observed to be relatively higher in comparison to 
their corresponding values for the heavier targets (AgBr) for each order of the 
moment. 
In order to examine the occurrence of the non-thermal phase transition 
in the various interactions considered in the present study, the behaviour of 
Aq(= ^a±i) as a function of the order of the moment, q is studied. Clear min-
ima in the Aq versus q plots are not observed in all the categories of interactions 
considered. However, for the interactions of 4.5A GeV/c '"^ S^i nuclei with emul-
sion, the presence of a distinct minima in the Aq versus q plots may indicate 
the existence of non-thermal phase transition. 
Multifractality in the interactions considered has been investigated in terms 
of multifractal moments, < Gq >. In < Gq > versus -\n6rj plots show linear 
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rise upto a certain extent and thereafter the plots get saturated. The observed 
linearity points towards the existence of iriultifractality in the interactions con-
sidered in the present study. It is worthrnentioning that the saturation in the 
plots is a reflection of the fact that with decreasing bin width, more and more 
bins contain one or no particle. 
The variation of the mass exponents Tq with the order of the moment is 
studied. It is observed that the mass exponents increase with the order of 
the moment. The dynamical component of of the mass exponent is observed 
to deviate substantially from q-1, which indicates the presence of dynamical 
fluctuations in the interactions investigated. 
Variation of the generalized dimensions, Dq, with the order of the moment, 
q, is observed to satisfy the condition of multifractality, that is, Dq > Dq/, 
where q < q'. The generalized dimensions are observed to have positive values 
for all the orders of the moments. Furthermore, the generalized dimensions 
are found to exhibit a decreasing trend with increasing order of the moment 
which is a general property of multifractals. 
A qualitative description of the fluctuations is presented in terms of the 
variation of the spectral function, f(Q:q), with the Lipschitz-Holder exponents 
aq. The spectral function is observed to be smooth and concave downwards 
with its maximum lying around q = 0. The function is not sharply peaked 
thereby confirming the non-smooth nature of the multiplicity distribution. 
Correlation and dusterization amongst the relativistic charged particles 
produced in 4.3A and 14.5A GeV/c '"^ S^i nucleus collisions are investigated 
in terms of the rnaxirnurn rapidity density distribution of relativistic charged 
particles in narrow pseudorapidity bins, Arj. For a fixed Arj, the mean value 
of the maximum charged particle density is found to decrease exponentially 
with increasing value of the total pseudorapidity and increase with increasing 
particle multiplicity. These features are, however, essentially independent of 
the beam energy. These features, when compared with those obtained for cor-
relation free Monte Carlo event sample, indicate the existence of dynamical 
correlation and clusterization. 
Correlation and irregularities in the relativistic charged particles density 
distributions in A-A collisions are looked into by studying the nearest neigh-
bour spacing spectra of relativistic charged particles. For this purpose, ex-
perimental and simulated data samples over a wide energy range involving 
different targets and projectiles are analyzed in the frame work of Wigner-
Dyson type of Random Matrix Theory. The findings of the presetn study help 
conclude that the random emission of particles dominates in the central region 
of the r/ spectrum and correlation, if any, appears to be suppressed. It may 
be remarked that in future experiments involving higher beam energies and 
targets as heavy as lead, random emission, particularly in the mid rapidity 
region would be the dominant process. 
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PREFACE 
The main motivation behind the present study was to examine the occur-
rence of non-statistical fluctuations in 14.5A GeV/c ^^^Si-nucleus interactions 
for it is envisaged that the existence of dynamical fluctuations in multiplic-
ity and pseudorapidity distributions of the relativistic particles produced in 
heavy-ion collisions would yield invaluable information regarding the source of 
these particles. It is worthmentioning that the study of non-statistical fluctu-
ations becomes still more important due to the fact that the occurrence of the 
dynamical fluctuations in these distributions may be one of the many finger 
prints of the formation of quark-gluon plasma (QGP) in these collisions. 
Relevant details about some of the models, which successfully explain im-
portant aspects of relativistic nuclear collisions are presented in Chapter I. 
Furthermore, details about the major facilities available for carrying out study 
of relativistic heavy-ion collisions are given in the same chapter. Explanation 
based on theoretical considerations of the various signatures of the formation 
of QGP in relativistic nuclear collisions is also given. 
The details about the emulsion stacks used and the criteria for selecting 
the events, methods of measurements etc., are given in Chapter II. Results on 
some general characteristics, like mean multiplicity and multiplicity distribu-
tions of various types of charged particles and pseudorapidity distributions of 
relativistic charged particles produced in the interactions of 4.5A and 14.5A 
GeV/c '^ ^^ Si nuclei with emulsion are also presented in this chapter. 
The occurrence of intermittency in the various categories of interactions 
considered is examined in detail. The method of scaled factorial moments 
(SFM) proposed by Bialas and Peschanski, is used for studying intermittency. 
Various interesting aspects of intermittency, like the power law behaviour of 
the SFM, the intermittency indices and the generalized dimensions are inves-
tigated systematically and thoroughly. The possible occurrence of the non-
thermal phase transition in these interactions has also been looked into. The 
occurrence of intermittent patterns is also studied in the framework of the 
Ginzburg-Landau description of intermittency. Results based on well focussed 
observations about the above features are presented in Chapter III 
Intermittency in relativistic heavy-ion collisions is envisaged to be a re-
flection of the fractal nature of the particle emitting source. This aspect is 
studied in terms of the theory of multifractals and the results are presented 
in Chapter IV. The contribution of the dynamical component of the moments 
is disentangled by using Monte Carlo generated data samples. Experimental 
findings are compared with those obtained on the basis of FRITIOF simulated 
events. The behaviour of the anomalous dimensions shows multifractal nature 
in the various types of interactions studied. Furthermore, the study of the 
spectral function reveals non-smooth nature of the multiplicity and pseudora-
pidity distributions of the particles produced in these interactions. AH these 
results are also presented in Chapter IV 
Results of the study of correlations and fluctuations observed on event-by-
event basis in rapidity density and rapidity spacing spectra are presented in 
Chapter V. Monte Carlo simulations are carried out to disentangle the contri-
bution of the dynamical fluctuations from the statistical ones. Furthermore, 
the extrapolation is made using the event generator FRITIOF to predict the 
mechanism of multiparticle production in nuclear collisions at RHIC and LHC 
energies. These are also described in Chapter V. 
Surrmiary of the findings of the present study and concluding remarks about 
some of the interesting features of relativistic nucleus-nucleus collisions are pre-
sented in Chapter VI. 
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CHAPTER I 
I N T R O D U C T I O N 
Study of nucleus-nucleus collisions at relativistic energies provides an op-
portunity to understand the properties of the densest and the hottest form of 
matter that can be produced in the laboratory. The ultimate goal of studying 
these collisions is to reach the conditions under which the hadronic matter is 
envisaged to undergo a phase transition to quark-gluon plasma (QGP): the 
degrees of freedom of the new state are the quarks and gluons. Quark-gluon 
plasma is believed to have existed in the early Universe [1]; it is also envisaged 
to exist in the core of the neutron stars [2]. However, the Big Bang occurred 
long ago and the neutron stars are very far away. So the collisions of heavy 
nuclei at relativi&tic energies remain the only possibility to search for the QGP 
formation [3-6]. 
In a nucleus-nucleus collision, many nucleon-nucleon collisions are visual-
ized to take place, thereby depositing the energy of the nucleons in the centre-
of-mass regions. Since all these nucleon-nucleon collisions take place almost at 
the same time, due to Lorentz contraction a region of very high energy density 
is created However, the dynamics of nuclear collisions is very complicated and 
needs a deep and thorough understanding of the behaviour of nucleon-nucleon 
collisions It is important to have a clear understanding of the dynamics of 
nucleus-nucleus collisions in order to make some interesting remarks about the 
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features of the matter formed in these collisions. 
Investigations carried out using heavy-ion beams from SPS, CERN and 
AGS, BNL during the leust several years reveal that the characteristics of rel-
ativistic nuclear collisions significantly deviate from what one would have ex-
pected on the basis of superposition of independent nucleon-nucleon collisions 
[7]. Several experimental facts, such as strangeness enhancement [8,9] and 
large fluctuations in multiplicity and transverse energy distributions [10,11] 
observed in nuclear collisions cannot be explained in terms of the superposi-
tion of nucleon-nucleon collisions. 
Study of multiplicity distributions of relativistic hadrons produced in nu-
clear collisions at high energies and correlations amongst these particles help 
understand the dynamics of these collisions and mechanism of rrmltiparticle 
production. Furthermore, study of multiplicity distributions in a limited phase 
space is of great relevance as this may be quite helpful in searching for the 
evidence of dynamical fluctuations of an underlying fractal structure [12,13] 
referred to as intermittency. 
Keeping in view the possibility of occurrence of fluctuations and corre-
lations in relativistic nuclear collisions, a thorough study of these aspects is 
carried out using 4.5A and 14.5A GeV 2**Si-nucleus interactions. Various as-
pects of these collisions are presented in Section 1.4 of this chapter. 
1.1 Models of nucleus-nucleus collisions 
The occurrence of non-trivial phenomena in relativistic nucleus-nucleus col-
lisions requires uitroduction of the models put forward to explain the mecha-
nism governing these phenomena. The most important part of the description 
of these models is focussed on giving the details about the collision geometry, 
the emission characteristics of the secondaries and the estimation of the energy 
density of the matter formed during the collisions. Details about some of these 
models are presented in the following sections. 
1.1.1 Wounded nucleon model 
Wounded nucleon model [14] explains quite satisfactorily the emission char-
acteristics including angular distribution of the particles produced in relativis-
tic nucleus-nucleus collisions [15]. This model assumes that the number of rel-
ativistic charged particles produced in A-A collisions, UAA, should scale with 
the mean number of wounded or participating nucleons, W. Furthermore, ac-
cording to this model U^A should scale with < npp >, where Upp represents the 
number of fast charged particles produced in p-p collisions at an equivalent 
incident energy. Thus the particle multiplicity in A-A collision at a given pro-
jectile energy may be expressed [15] as, nAA(E) = |Wnpp(E). 
The multiplicity per participating nucleon, m(= UAA/W) is a convenient 
parameter for comparing the multiplicities for the systems of different sizes 
because m is independent of W and hence will not depend on the impact pa-
rameter; ra depends only on the collision dynamics. 
The number of wounded nucleons may be estimated [14] using the following 
expression: 
W = A r ^ ^ + A p ^ ^ = W T + W P (1.1) 
where apy is the total inelastic cross-section for the collision of projectile 
nucleus with target nucleus; (T\P and a^j- are respectively the total inelas-
tic nucleon-projectile nucleus and nucleon-target nucleus interaction cross-
sections; Ap and AT are the masses of the projectile and the target nuclei 
respectively and W T and Wp respectively denote the numbers of wounded nu-
cleons of the target and the projectile nuclei. 
In order to calculate the values of W for the central A-A collisions, the 
cross-sections which are the functions of the maximum impact parameter, bmax 
are used. The cross-sections are estimated with the help of Glauber approach 
[16] using the hadronic cross-sections and the nuclear density functions of the 
target and projectile nuclei. The value of bmax may be calculated using the 
following expression [15]; 
(T * — TT})'^ — ^"runtral (] n\ 
CTpart - 7ru,„ax - ^^^^^^ [i-Z) 
where Npentrai and Ntotai are the numbers of the central and total events respec-
tively for a given sample of A-A collision data. The nuclear collision geometry 
considered in the FRITIOF [17] may be used to determine the value of the 
impact parameter, b, for each event of the simulated sample. For the central 
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collisions, the value of b is taken to be less than 5 fin [15]. Furthermore, by 
using the value of b = 5 fni, W may be evaluated. Hence, using the Glauber 
calculations, Wp and W T and hence W may also be easily estimated. 
By assuming that the cross-section for the nucleons which have been ex-
cited by various interactions is the same as that for the unexcited nucleons, 
the number of projectile and target interactions, i^p and VT can be estimated 
from: 
UT = ATCTW/CNT and vp = ApcrN\/(7NP 
The total number of encounters made by the projectile nucleons with the tar-
get nucleus may be calculated using the following relation: 
I' = Wpi^ T = Wri^p 
Predictions of the wounded nucleon model are reported [15, 18,19] to be 
in fair agreement with the results of the experimental and FRITIOF data on 
p-Em, O-Em and S-Em interactions at 200A GeV and 158A GeV Pb-Pb col-
lisions. 
1.1.2 Multiple nucleon collision model 
Initially, this model was proposed [20] for parameterizing multiplicity dis-
tribution observed in high energy hadron-nucleus interactions. Later on, it 
was extended [21] to explain the data on A-A collisions also. 
On the basis of the Additive Quark Model (AQM) [22], it was proposed 
[23] that relativistic charged particle multiplicities in h-p and h-A collisions. 
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< lis >hp and < lis >hA) may be expressed as: 
< lis >hA = < " s > h p N q 
where N^(= N(.a''^/crj'^) denotes the average number of constituent quarks par-
ticipating m the interaction; Nc is referred to as the number of valence quarks 
in the projectile and a'^'^ and all\ represent respectively inelastic quark-nucleus 
and hadron-nucleus cross-sections. 
According to the multiple nucleon collision model [20, 21], the mean mul-
tiplicity of relativistic charged particles produced in h-A interactions may be 
determined using the expression 
< Us >hA = N,j a + b In # - c In'^  # a (1.3) 
The parameters a, b and c have been reported [21] to have the values equal 
to 2.50, 0.28 and 0.53 respectively for both pion and proton projectiles, while 
the value of «, which is referred to as the leading particle multiplicity, is found 
[21] to be 0.85. 
In the above expression -^ /sX denotes the total centre-of-mass energy, which 
according to coherent tube picture [24], is expressible as SA = t'qSa where 
V ^ = \As - mn - mT- \/s is the available centre-of-mass energy in a h-N col-
lision and mn and niT are respectively the masses of projectile and target. It 
may be noted that u^ is the mean number of inelastic collisions made by quarks 
with the target nucleus and may be calculated using: 
where A is the atomic number of the target nucleus and (7^ '^  — |cr|JV-
The model was later extended to describe A-A collisions also. For this 
purpose, the effective numbers of wounded quarks in the incident and target 
nuclei and the average numbers of encounters made by each of these quarks 
were estimated. For A-A collision, Eq. 1.3 may be written [21] as: 
< Ug > ^n = NAB a + b In \/SAH VAB 
q 
c In 2 V S A B vAB 
q 
;i-4) 
where v ^ = [i^^^'S^Y^'' and ^ . f = ^.^A^CB = i ^ ^ 
qA qB 
while the mean number [25] of participant quarks in the target and projectile 
nuclei is 
^^q 2 
" qA I ^ qH :i.5) 
where Na> and Nn represent the numbers of valence quarks in nuclei A and D 
respectively. 
The cross-section for A-A collisions may be parameterized [26] as: 
^ A B = ^^' A ' / 3 + b l / 3 
C 
A i / 3 + B i / 3 _ 
2 
;i.6) 
This model predicts correctly the value of the mean multiplicity of relativistic 
charged particles for the central collisions. In such collisions all the quarks of 
the incident nucleus are envisaged to be wounded and thus for N^^ = 3A [21], 
Eq. 1.4 would take the form: 
< lis > A n 3A a -f- b In y A ? ^ - c In^ x^rs; ;i-7) 
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\'aliies of < 11^  > for p-p, p-A and A-A collisions at widely different incident 
energies are reported [21] to be cjuite compatible with their corresponding 
experimental values. The model, therefore, describes quite satisfactorily h-h, 
h-A and A-A interactions in terms of elementary quark-gluon interactions. 
1.1.3 The Bjorken model 
Bjorken model [27] is another simple model used to describe nucleus-nucleus 
collisions and it also permits estimation of the energy density reached in such 
collisions According to this model, the two colliding nuclei are regarded as 
two thin discs as depicted in Fig. 1.1(a). The longitudinal thicknesses of the 
nuclei are neglected owing to extremely high energy so that the longitudinal 
coordinates of the two nuclei can be assumed to be almost the same The 
two nuclei are visualized to proceed towards each other from the two extremes 
of z-axis, i.e. z = —oo and z = -l-oo, with relativistic velocities. The collision 
is assumed to take place at the point (z,t) = (0,0) as shown in Fig. 1.1(b). 
The energy density m the region characterized by z ~ 0, can be in the form of 
quarks and gluons or hadrons. The space-time development of the collision as 
envisaged in this model is exhibited in Fig. 1.2. Soon after the occurrence of 
the collision at a very high energy at (z,t) = (0,0), the energy density in the 
region may be quite sufficient to produce quark-gluon plasma. To estimate the 
energy density, a longitudinal length Az around z = 0, where the matter is at 
rest, is taken into consideration. The volume formed by Az and A is AAz. 
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Az 
Nucleus 
A 
Nucleus 
B 
B 
z 
(a) Before collision (b) After collision 
Fig. 1.1 The conHgurations of two colliding nuclei before and after collision 
10 
formation 
hydrodynamics of quark-gluon plasma 
Fig. 1.2 Space-time evolution in a nucleus-nucleus collision 
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Thus, tlie immber density in thi& volume at z = 0 and at proper time To is 
\A7 ~ A dy d? ly=0 v ^ - ° / 
where AN represents the number of particles present in the volume AAz and y 
is the rapidity of a particle. The proper time TQ is the time during which quark-
gluon plasma may have been formed and equilibrated. If Ex = mx cosh y 
IS the transverse energy of a particle in this region, then the total energy 
contained in the collision region is: 
E = N '^Ay (1.9) 
The initial energy density averaged over the transverse area A at the proper 
time To is, therefore, given by: 
In terms of the transverse energy, the above expression may be written as: 
eo = A T ^ (1-11) 
^ TQA dv ^ ' 
This model predicts to ~ 1-3 GeV/fm"^ at AGS energy, for which dE/dr/ = 200 Ge\' 
for the central Au-Au collisions and eo ~ 3 GeV/fm^ at the SPS energy having 
dE/dr/ = 450 GeV for Pb-Pb collisions [7]. 
1.1.4 FRITIOF of the Lund model 
FRITIOF of the Lund model [28] is one of the most famous Monte Carlo 
smiulation based models. The important ingredients of this model are the 
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string formation and its fragmentation. It is interesting to mention that a 
string refers to a longitudinally oriented object formed when the nucleons of 
the projectile come closer than some minimum distance, d < (CTXX/TT)^ ^ -^ Ac-
cording to FRITIOF, a string is formed as a result of momentum exchange, 
that is, longitudinal excitation, as displayed in Fig. 1.3. This essentially means 
that the interaction of two hadrons with large momenta results in two longi-
tudinally excited objects, called strings. Transverse momenta and masses are 
assigned to the string pieces at string fragmentation according to LUND for-
malism [29] of the fragmentation. 
The FRITIOF Code 
The FRITIOF code is written in FORTRAN 77. The various variables 
in the main programme, such as atomic numbers and mass numbers of the 
projectile and target nuclei, projectile energy and the number of events to 
be generated can be set by the user depending upon the requirements. The 
events are administered bv various subroutines within the code. For instance, 
the subroutine JETSET in the FRITIOF code takes care of the hadronization 
and decay of particles. 
1.2 Accelerators and heavy-ion colliders 
Acceleratorb 
Alternating Gradient Synchrotron (AGS) at Brookhaven National Labora-
tory (BNL) and the Super Proton Synchrotron (SPS) at CERN are the two 
13 
c 
Fig. 13 String formation due to longitudinal excitation. 
All partons in a string originate from one baryon. 
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major research facilities for relativistic heavy-ion experiments for examining 
the properties of dense hadronic matter and the signals of quark-gluon plasma 
formation. Both the machines are in operation since 1986; AGS provides beams 
ranging from proton to gold nuclei with momenta upto 14.6A GeV/c, whereas 
SPS produces beams ranging from proton to lead nuclei with momenta upto 
200A GeVyc. 
Heavy-ion coUiders 
Amongst the most important heavy-ion colliders are the Relativistic Heavy-
Ion Collider (RHIC) at Brookhaven and the Large Hadron Collider (LHC) to 
be constructed at CERN: RHIC became operational in June, 2000 and the 
LHC is scheduled to start functioning in 2005. RHIC is envisaged to produce 
the deconfined state of quarks and gluons believed to have existed just mil-
lionth of a second after the Big Bang. The collisions at RHIC energies are 
planned to be studied by four major experiments, STAR, PHENIX, BRAHMS 
and PHOBOS. 
The LHC at CERN will bring protons and ions into head-on collisions at 
energies never reached before. The collisions of heavy nuclei at LHC energies 
would recreate the condition which is believed to have existed in the early Uni-
verse. The LHC can collide proton beams with 7-on-7 TeV energy and allow 
lead-lead collisions to take place at about 1262 TeV centre-of-mass energy. 
The energy regimes of various accelerators and heavy-ion colliders involving 
different projectiles are listed in Table 1.1. 
IS 
Tablel. l Resume of heavy-ion accelerators and colliders. 
Machine 
AGS 
SPS 
AGS 
SPS 
SPS 
RHIC 
LHC 
Location 
BNL, USA 
CERN 
BNL, USA 
CERN 
CERN 
BNL, USA 
CERN 
Projectile 
beam 
«^Si 
32g 
>«7Au 
208pb 
208pb 
•«Uu 
208 p]^ 
Energy per 
nucleon (GeV) 
14.5 
200 
11.0 
160 
158 
100 
2700 
Commencement 
year 
1986 
1986 
1992 
1994 
1996 
2000 
2005* 
* Liktly to become operational m 2005 
1.3 Signals of quark-gluon plasma 
Quark-gluon plasma is the state of matter in which, contrary to hadronic 
matter, quarks and gluons are no longer confined in the interior of hadrons 
having radial dimension of about a ferini. It may be noted that deconfinernent 
essentially refers to the freedom of quarks and gluons to move nearly freely to 
a greater region of space outside the radial domain which is usually associated 
with a hadron [30] with the constraint that these still remain confined within 
the region of strongly interacting matter. Lattice QCD predicts a phase tran-
sition to take place from hadronic phase to quark-gluon plasma phase around 
a critical temperature, Tc ^ 150-200 MeV, which corresponds to an energy 
density of ' - 1-3 GeV/fm^ and baryon density of the order of 5 to 10 times 
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the normal nuclear matter density [31]. Furthermore, for investigating the 
characteristics of quark-gluon plasma experimentally, it is worthwhile to iden-
tify some parameters for studying the formation and characteristics of QGP. 
However, the small size of the plasma and its very short survival time pose 
serious problems in its experimental identification. Despite these difficulties, 
however, the past decade witnessed a great spurt of interest in the study of 
the properties and signals of the short lived quark-gluon plasma. Some of the 
most promising signals of quark-gluon plasma formation are briefly described 
below. 
1.3.1 Dileptons 
Lepton pairs are considered [32-40] as an interesting probe of quark-gluon 
plasma production. Lepton pairs are produced in QGP due to an interaction 
between a quark and an antiquark forming a virtual photon, 7*, which subse-
quently decays into a lepton, l', and an antilepton, ^+, through the reaction, 
q + q —> ^^* —> /" -t- /"•". The produced /" and l^ pair is referred to as a 
lepton pair or a dilepton. 
Since the dileptons produced in QGP medium interact electromagnetically 
only with the intervening hadronic medium, they leave the hot and dense 
reaction zone essentially unaffected. Thus, the lepton pairs provide direct in-
formation about the thermodynamic state of matter at the time of its creation. 
However, quark-gluon plasma may not be the only source of dilepton produc-
n 
tion ill liigJi energy heavy-ion collisions. There are other processes as well 
which contribute to dilepton production. One of the other main sources of 
dilepton production is Drell-Yan process [41,42] in which a quark of a nucleon 
of one of the colliding nuclei can interact with a sea of antiquark of a nucleon 
of the other colliding imclei to form a virtual photon which would subsequently 
decay into a /"/+ pair. Furthermore, the interaction of charged hadrons with 
their antiparticles, like TT^+TT^ —> /"*"+/" and the decay of hadron resonances 
such as p, LJ, 0 and J/^Jj would contribute to dilepton production. 
It is worthmentioning that lepton pairs originating from quark-gluon plasma 
are identifiable only for the invariant masses above 1-1.5 GeV [43-46]. 
1.3.2 Direct photons 
In addition to various other particles, quark-gluon plasma may also emit 
photons which result mainly from the electromagnetic interaction between the 
constituents of the plasma. The direct photons are regarded as relatively 
clean probe for studying QGP formation as these photons are hardly affected 
bv the intervening hadronic medium. The most prominent process producing 
direct photons in the quark-gluon phase is the quark-antiquark annihilation, 
q + q —> ^' +g and QCD Compton scattering [47, 48]: (i) q + g —> 'y + q and 
(ii) q+g —)- q + 'j. However, there are other processes as well which result in 
the production of photons. These include pion annihilation, Tr + ir^ —>n + P 
and 7T + p —> 7 + TT reaction. It is worthmentioning that the photons other 
iS 
than those coming from the mesonic decays are referred to as direct photons. 
1.3.3 J/^' suppression 
J/c.' IS a tmv bound state made up of a pair of heavy charm quark (c) and 
anticiiarm cjuark (c). In free space, c and c interact through a linear confining 
potential and colour-Coulomb interaction. In high energy heavy-ion collisions, 
J/t; mav be produced in one of the many nucleon-nucleon collisions. The 
suppression of ^I il) production in QGP is regarded [49] as one of the most 
significant signatures of deconfinement of cjuarks at high temperatures. It is 
interesting to note that on account of high temperature in QGP phase, c and 
c forming J/?,X are deconfined and thus the linear confining potential between 
c and c is lost. Furthermore, when the temperature rises above the critical 
temperature, there will be no bound state between c and c as each of the two 
would drift away from each other. Thus, c and c will find themselves so far 
apart that they hardly can form a bound state. This results in the suppression 
fdO] of J/i' ' production. 
1.3.4 Strangeness enhancement 
Enhanced production of strange particles in comparison to the production 
of light quark flavours, up (u) and down (d) quarks, has been suggested [51,52] 
as a signal of QGP formation in ultra-relativistic heavy-ion collisions. The ba-
sis of such an idea is the requirement of a large gluon density and a low energy 
threshold for the occurrence of the dominant QCD processes of ss production, 
! « 
which make the production and equilibration of strangeness very significant 
[53]. 
Within a deconfined quark-ghion phase, ss pair production is described 
[54,55] reasonably well by the two lowest order QCD processes. Firstly, a 
giuon pair in the plasma phase annihilates to create a ss pair through the 
reaction: g + g —> & + &• Secondly, strange quarks and antiquarks may be 
produced in the collisions of light quark and antiquark through the reactions, 
u + u —> s + s and d + d —> s + s. 
1.3.5 Fluctuations as a probe for quark-gluon plasma 
A general characteristic of any physical quantity to be measured exper-
imentally is that it should exhibit fluctuations; the fluctuations depend on 
the properties of the system and, thus, in the case of relativistic heavy-ion 
collisions, fluctuations may carry information about the intervening medium 
created in the collisions. 
Study of fluctuations in high energy nuclear collisions has, thus, become 
an important tool for exploring the underlying dynamics governing relativis-
tic heavy-ion collisions [56-61]. Fluctuations in the multiparticle final state 
of heavy-ion collisions may be broadly divided into two categories: (i) statis-
tical fluctuations, which arise due to difference in the impact parameters of 
the collisions from which the different produced particles originate and fluctu-
ations in the number of primary collisions and (ii) non-statistical fluctuations 
o 0 
which may arise due to some physical processes taking place in the collisions. 
Thus, the study of non-statistical fluctuations becomes significant only when 
one tries to explore the state of the matter formed in relativistic heavy-ion 
collisions, especially for looking at the after effects of the formation of quark-
gluon plasma in these collisions [62]. 
1.4 Motivation behind the present work 
As already stated, one of the possible approaches for investigating the dy-
namics of rrmltiparticle production in relativistic heavy-ion collisions is to in-
vestigate the occurrence of fluctuations in particle density distribution of the 
particles produced in these collisions. This is due to the fact that fluctua-
tions, apart from those arising due to statistical reasons, may point towards 
the occurrence of an uneven phenomenon during the collision. For instance, it 
is believed that fluctuations in multiplicity distribution of hadrons produced 
in heavy-ion collisions at high energies may be used to examine whether the 
quark-gluon system has undergone a phase transition [63, 64]. In the present 
work, for studying non-statistical fluctuations in relativistic nuclear collisions, 
the apprtmch as adopted by Bialas and Peschanski [65] is used. In this ap-
proach, data are analyzed in terms of the scaled factorial moments as a function 
of decreasing rapidity bin sizes. For a non-statistical origin of the fluctuations, 
scaled factorial moments are predicted [65] to exhibit power law behaviour 
with decreasing bin width, referred to as "intermittency". Various aspects 
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of interinittency in 4.5A and 14.oA GeV/c ^**Si-nucleus collisions are studied 
thoroughly and systematically. 
Interinittency is predicted [66] to be a typical feature of fractals, which 
in the case of heavy-ion collisions, refer to inelastic collisions with fractal di-
mensions A most complete description of the scaling behaviour of a fractal 
is given in terms of the fractal dimensions. This aspect is studied using the 
method of multifractal moments, first proposed by Hwa and others [67, 68]. 
These workers have suggested a power law behaviour similar to that of scaled 
factorial moments as an indication of underlying dynamics. Various important 
aspects of multifractal moments are thoroughly investigated and the results on 
this aspect are presented in Chapter IV. 
Particles produced in relativistic nuclear collisions are envisaged [69] to be 
correlated. It may be interesting to note that correlations may be a manifes-
tation of the formation of exotic state of nuclear matter, quark -gluon plasma 
[9,10]. Recently [12, 13, 69], short-range correlations amongst the relativis-
tic charged particles produced in high energy nuclear interactions have been 
interpreted as a manifestation of the occurrence of intermittent pattern. An 
attempt is, therefore, made to investigate correlations and fluctuations in rela-
tivistic heavy-ion collisions. The results on the study relating to these impor-
tant features of nuclear collisions are discussed in Chapter V. 
Based on the svstematic and well focussed observations of the present study, 
summary and concluding remarks are presented in Chapter VI. 
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CHAPTER II 
EXPERIMENTAL TECHNIQUES 
AND GENERAL CHARACTERISTICS 
2.1 Introduction 
Detection and identification of diarged particles produced in the collision 
of two high energy particles or nuclei requires measurement of a number of 
parameters in order to disentangle necessary information about the collision. 
This essentially includes the space localisation of the charged particle trajec-
tories, measurements of the charges and momenta of the particles. Momenta 
may be determined by measuring the curvatures in the trajectories of charged 
particles in magnetic fields and mass of a particle is estimated by simulta-
neously measuring momentum and energy or momentum and velocity of the 
particle. As for as the neutral particles are concerned, one measures the energy 
and direction of emission of these particles with respect to the primary. It is 
worthmentioning that whatever method one uses, the basic principle is the 
interaction of the particle which takes place with the detector medium to cre-
ate some observable signals. Measurement of these observables using distinct 
methods of measurements is what detection means, in general. The various 
detection methods are divided [1] into two categories: (i) the non-destructive 
methods in which various parameters relating to a particle are measured as 
in this procedure the identity of the particle to be detected does not change 
n 
and (ii) the destructive methods in which the identity of the particle changes 
during its detection. The latter method is mostly used for the detection of 
neutral particles which hardly interact with the detector medium. The non-
destructive methods are mainly used for detecting charged particles. Using 
these basic concepts of particle detection, many approaches of particle detec-
tion and the detectors required for this are now in use. Particle detectors being 
used presently for investigating the particles produced in relativistic heavy-ion 
collisions are of high spatial accuracy in the micron range. These detectors are 
classified into two groups: (i) visual detectors and (ii) detectors with electronic 
read out. Bubble chamber, nuclear emulsion, etc., fall in the first category of 
detectors. These detectors provide 47r angular coverage that is suitable for 
studying general characteristics of interactions such as particle multiplicities, 
cross-sections, etc. The second category of detectors provide full and uniform 
angular coverage These are more suitable for investigating specific charac-
teristics such as single particle spectra, two-particle correlation, etc. Such 
detectors include multiwire proportional chambers (MWPC), photon multi-
plicity detector (PMD), electromagnetic and hadron calorimeters, etc. 
Among the visual detectors, nuclear emulsion is a detector having high 
spatial resolution capability, applicable to all ionizing particles of all charges. 
In nuclear emulsion each interaction is scanned and various measurements are 
carried out usmg microscope of high magnifying power. 
k;8 
2.2 Constituents of nuclear emulsion 
The major constituents of nuclear emulsions as discussed by M. 1. Adamovich 
et al [2] are hydrogen (22.4%), carbon (17.2%), nitrogen(4.1%), oxygen (12.6%), 
bromine (20.6%) and silver (22.7%). Besides these elements, there is a very 
low percentage (< 1%) of sulphur and iodine. The constituents of nuclear 
emulsion are broadly classified [3,4] into two groups. 
1. Silver halide group: Major component of this group is silver bromide with 
a small admixture of iodine. 
2. Gelatine: This is composed of carbon, nitrogen, oxygen and hydrogen with 
some quantity of plasticiser and glycerine. 
Gelatine in nuclear emulsion serves as a suspension matrix in which silver 
halide crystals are embedded. On the other hand, glycerine helps to reduce 
the brittlene&s of the emulsion. 
In addition to all these elements, emulsion also contains some water content 
which helps in keeping it moist. 
2.3 Tracks formation in nuclear emulsion and their classifications 
Detection of charged particles using nuclear emulsion technique is based on 
energy loss suffered by the particles through ionization process while passing 
through it The energy loss, -j~, which mainly depends on the charge and 
velocity of the particle, is given by [5]: 
dE 4^NZzV... , 2mv2 
-d^ = ^--m^;^^)f^"^I(l^^)-^] 
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where m is the electron mass, z and v are the charge and velocity of the par-
ticle, (.i = v/c. N is Avagadro's number, Z and A are the atomic and mass 
numbers of the atoms of the medium and x is the path length in the medium, 
which is measured in g cm"'^  or Kg in"^ '^ , corresponding to the amount of mat-
ter traversed. 
Energv lost by a charged particle is transferred to the atomic electrons. 
If energv gained by an electron is greater than the ionization potential, the 
electron is liberated and the atom is ionized. The ionization of the atoms 
produces some halide grains in such a way that when they are immersed in a 
developer, they get converted into silver grains which are easily distinguishable 
because of their black colour. Thus, as a charged particle advances through 
emulsion, it leaves behind a trail of black grains called track. By investigating 
the characteristics of these tracks, ionization produced may be determined and 
information about their charges and velocities can be obtained. The tracks in 
an interaction appear to come out from a single vertex. The recorded inter-
action in emulsion is thus called a star due to its characteristic appearance. 
The tracks formed by charged particles in nuclear emulsions are classified into 
three groups, namely, black, grey and shower tracks. 
Black tracks are the tracks formed by singly or multiply charged particles 
having ranges < 3 mm. These are mainly low energy protons, deuterons, tri-
tons and helium nuclei and some fraction of multiply charged fragments. These 
particles have relative velocities /3 < 0.3. The number of black tracks produced 
31) 
in an interaction is denoted by nb. Grey tracks are produced by particles hav-
ing ranges > 3 mm and relative velocities lying in the interval: 0.3 < ^ < 0.7. 
These tracks are mainly produced by knock-out protons from the target and a 
very low percentage of slow pions. The number of grey tracks in an interaction 
IS represented by Ug. Shower tracks are produced by charged particles having 
relative velocities 13 > 0.7. Most of these particles are pions with an admixture 
of kaons and protons. Shower tracks are produced by weakly ionizing particles. 
The number of shower tracks produced in an interaction is represented by Ug. 
2.4 Scanning Procedure 
The process of locating interactions in emulsion is known as scanning of 
the events In general, two different approaches are used for scanning emulsion 
stacks. These are: 
1. Line scanning: In this method of scanning, each beam track is followed in 
a systematic manner from the entrance edge in order not to miss any single 
interaction. This procedure is useful when the beam has a low flux and is 
spread out over the entrance edge. 
2 Area scanning: In area scanning, interaction points are searched volume 
wise, i.e.. full depth of the pellicle is examined by using the z-motion of the 
microscope. This is also known as volume scanning. This method allows 
searching the interactions in the full depth of a certain area before the pellicle 
is shifted along the x-motion of the microscope. 
31 
In the present study a stack of ILFORD G5 emulsion, exposed to 14.5A 
GeV/c •'^ '^ Si nuclei from the AGS (BNL), has been used. A random sample 
comprising of 283 interactions with uj, > 0, where nj, represents the number of 
charged particles produced in an interaction with relative velocity /3 < 0.7, is 
analyzed. In order to examine the dependence of various parameters of multi-
particle production on beam energy, the data involving 530 interactions, with 
the same description, produced by 4.oA GeV/c '^ S^i nuclei from Synchropha-
sotron (Dubna), available in our laboratory are also analyzed. 
2.5 Methods of measurements 
2.5.1 Ionization measurements 
Ionization caused by charged particles may be determined using the following 
methods 
1. Grain-density: Grain density, g, of a track is defined as number of grains 
formed per unit length of the medium. Grain density is measured by counting 
the number of grains over a fixed length of a shower track. 
The value of specific ionization, g*, in terms of the grain density is deter-
mined ubing: 
p* = i 
^ go 
where go represents the grain density of a primary track. 
2. Delta-ray density: As already stated, a charged particle while traversing 
through emulsion ionizes the atoms of the medium. If an electron liberated 
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during tliis proce&& possesses an energy ~ 2 KeV, it produces recognizable 
tract: of its own branching out of the main track which is referred to as a S-ra,y. 
The density of 5-ray& in nuclear emulsion is calculated from [6]: 
n, = (2.78 * 1 0 ' ^ ) ( | ^ ) ( i ^ - i ^ ) per 100 //m 
where Emm and E^ax represent respectively the minimum and maximum ener-
gies of 5-vays. 
The ^-ray density is a function of charge and velocity of the particle and 
thus can give an additional information about the identity of the particle. 
2.5.2 Angular measurements 
Angular measurement refers to the determination of the space angle of a 
track. For this purpose, two angles, projected angle of the track in x-y plane 
and the dip-angle in y-z plane are measured in the following manner, 
a. Projected angle 
A goniometer having a least count of 0.25" has been used to measure the 
projected angle. The vertex of a collision is focussed at the center of the 
goniometer and tlie track of the primary beam is aligned with one of the ref-
erence lines of the goniometer. The tracks of secondary charged particles are 
then aligned one by one with other reference lines of the goniometer and the 
goniometer scale readings are noted for measuring the projected angle with 
respect to the mean direction of the projectile beam. Projected angle is then 
calculated from: 
S3 
9„ = t M r ' ( * ) 
where dy and dx are respectively the differences of the two y- and x- co-
ordinates at the two chosen reference points, 
b. Dip angle 
The dip angle of a track in the processed emulsion is determined by mea-
suring the /-coordinates of the two points on the track separated by a known 
distance using the relation 
d^ = t a n - ^ ( | ) 
For the unprocessed emulsion, the formula is modified as 
0, = t a n - ' ( ^ ) 
where SF represents the shrinkage factor of the emulsion. 
Once dip and projected angles of a track are measured, the space angle, 9s, 
can be estimated using the following expression: 
6*3 = cos"'[cos6'p * cos6'd] 
Or, 9, = cos- ' [cos(tan- ' ( | ) ) *cos(tan-i(Sl^))] 
2.6 General characteristics of 4.5A and 14.5A GeV/c 
'^^Si-nucleus interactions. 
2.6.1 Mean multiplicity 
Mean multiplicities of various types of charged secondaries produced in 
4.5A and 14.oA GeV/c '-^^Si-nucleus interactions are presented in Table 2 1. It 
is interesting to note from the table that the value of < n„ >, within the error 
:^4 
limits, is independent of projectile energy. On the other hand, mean multiplic-
ity of relativistic charged particles, < ng >, strongly depends on the projectile 
energy and target mass, whereas < n^ > does not exhibit such trend. 
Table 2.1 Mean multiplicities of black, grey and shower particles 
produced in the interactions of 4.5A and 14.5A GeV/c 
•^ *^Si nuclei with various targets. 
4.5A GeV/c 
Type of interaction 
Si-Em 
Si-CNO 
Si-AgBr 
< n b > 
6.22±0.22 
2.93±0.07 
13.31±0.30 
< % > 
8.43±0.15 
1.53±0.06 
7.38±0.30 
<ns > 
10.20±0.22 
7.84±0.35 
17.09±0.58 
14.5A GeV/c 
Si-Em 
Si-CNO 
Si-AgBr 
5.65±0.31 
2.60±0.14 
10.72±0.39 
8.24±0.21 
1.67±0.11 
5.94±0.35 
15.07±0.62 
11.99±0.71 
19.37±1.02 
2.6.2 Multiplicity distribution 
Study of multiplicity distributions of various charged particles produced 
in relativistic nuclear collisions is considered to be quite useful due to the 
fact that the behaviour of the distributions may help test the predictions of 
various phenomenological and theoretical models put forward to explain the 
mechanism of multiparticle production in these collisions. It was, therefore, 
:i5 
considered worthwhile to study some important characteristics of multiplicity 
distributions of the particles produced in ^ssi-nucleus interactions at the two 
projectile energies. 
a. Hb distribution 
Multiplicity distributions of the black tracks are shown in Fig. 2.1. It may 
be noticed from the figure that percentage of interactions having Ub values in 
the interval 4 < Ub < 14 tends to increase with increasing projectile energy. 
However, for the interactions characterized by nb > 14 it decreases. 
In order to investigate whether the distribution is sensitive to the target 
mass, Ub distributions for the interactions due to CNO and AgBr targets for 
both the energies are displayed in Fig. 2.2. It is observed that the interactions 
due to lighter targets have higher probability of interactions with lower Ub 
values. However, the interactions due to AgBr targets appear to have higher 
probability for the interactions having higher values of Ub. 
b. Hg distribution 
Ug distributions for the two beam energies are shown in Fig. 2.3. The 
distribution is observed to be essentially insensitive to the projectile energy 
except a slight enrichment of the events having lower values of Ug occurring in 
the case of higher incident energy. 
Multiplicity distributions of grey particles produced in the interactions due 
to CNO and AgBr targets are exhibited in Fig. 2.4. The distribution for the 
interactions due to heavier targets is observed to be comparatively broader 
:^fi 
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Fig. 2.4 n distributions for the interactions of (a) 4.5A and 
(b) 14.5A GeV *^Si nuclei with CNO and AgBr targets. 
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than those for the interactions due to lighter targets. 
c. Hg distribution 
MultipUcity distributions of relativistic charged particles produced in 4.5A 
and 14.oA GeV/c '^ ^^Si-nucleus collisions are displayed in Fig. 2.5. The distri-
butions are found to be nicely reproduced by the negative binomial distribution 
[7] having the form: 
n 
p(n,n,k) = k(k + l) (k + n - l ) [ ^ ] rl + i - ' 
n! 
where n represents the multiplicity , n is the mean multiplicity and k is a 
number, which is calculated by using the relation: 
1 1 D^fn) 
+ k n n'-^  
It may be mentioned that the result is in agreement with the values reported 
[8-10] earlier. 
It is quite evident from Fig. 2.5 that the peaks of the distributions tend 
to shift towards higher values of Ug with increasing energy. Figs. 2.6 and 2.7 
exhibit n, distributions for the interactions caused by 4.5A and 14.5A GeV/c 
'•^ S^i nuclei with CNO and AgBr targets respectively. The distribution is ob-
served to widen with increasing target mass. 
The values of n, k and X 'VD-F. for the NBD fits to the experimental dis-
tributions, obtained using CERN standard program MINUIT, are listed in 
Table 2.2. 
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Table 2.2 Values of n. k and the x^/D.F. for NBD fits to iig distributions. 
4.5A GeV/c 
Interaction 
type 
'-^ «Si-Eni 
^**Si-AgBr 
(Experimental) 
7.84±0.35 
10.20±0.22 
17.09±0.58 
n 
(NBD) 
7.64±1.77 
11.87±0.71 
18.93±0.47 
k 
1.22±0.43 
1.78±0.71 
1.78±0.78 
XVD.F. 
0.98 
1.00 
0.76 
14.5A GeV/c 
^«Si-CNO 
2»Si-Em 
''^ ^Si-AgBr 
11.99±0.71 
15.()7±0.62 
19.37±1.02 
11.71±0.51 
15.83±0.43 
19.41±0.o4 
2.71±0.12 
2.21±0.13 
1.00±0.06 
0.95 
0.57 
1.51 
2.6.3 Pseudorapidity distributions 
The distributions of pseudorapidity, 7], defined as ?7 = —In tan(6'/2), where 
0 is the emission angle with respect to the mean direction of the incident beam, 
of relativistic charged particles produced in high energy nuclear collisions is 
one of the most interesting experimental aspects to investigate the mechanism 
of nmltiparticle production in these collisions. The normalized pseudorapid-
ity distributions, (^^) of the relativistic charged particles produced in 4.5A 
and 14.5A GeV/c '^ ^^Si-emulsion interactions are displayed in Fig. 2.8, where 
Nev represents the total number of events. The curves in the figure are due 
to the Gaussian distribution which, incidentally, reproduce the shapes of the 
experimental distributions reasonably well. 
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CHAPTER III 
INTERMITTENCY IN RELATIVISTIC 
HEAVY-ION COLLISION 
3.1 Introduction 
Study of non-statistical fluctuations in relativistic nuclear collisions has 
recently attracted a great deal of attention due to the possibility of disentan-
gling important information about the mechanism of multiparticle production 
in such collisions. Although fluctuation studies have a long history dating 
back to the investigation of the fluctuations occurring in turbulent flow [1-3], 
the non-linear phenomenon generated considerable interest in the field of high 
energy phvsics only after the observation of unexpectedly large local fluctua-
tions in a very high multiplicity event recorded by JACEE Collaboration [4]. 
Similar ideas have been applied to various other fields including astrophysics, 
magnetohydrodynamics [5], etc. In the special case of ultra-relativistic heavy-
ion collisions, the idea of fluctuations was introduced by Bialas and Peschanski 
[6-7]. Study of fluctuations in multiplicity distributions of the particles pro-
duced in heavy-ion collisions is envisaged [8-10] to be a very sensitive tool for 
examining the dynamics of multiparticle production, particularly its role in 
looking at some of the fascinating features of quark-gluon plasma [11]. Sev-
eral attempts [6,7,12,13] have been made recently to understand the underlying 
physics of the origin of non-statistical fluctuations. Amongst these, the method 
^8 
of scaled factorial moments (SFM) proposed by Bialas and Peschanski [6,7] is 
considered to be one of the most significant diagnostic tools for extracting the 
dynamical contribution to the fluctuations in multiplicity distributions in high 
energy collisions. These authors have suggested a power law growth for the 
scaled factorial moments with decreasing phase space bins, which is referred 
to as '"intermittency", indicating thereby the presence of fluctuations. 
Intermittency pattern has been observed in electron-positron annihilation 
[14,15], hadron-hadron [16,17], hadron-nucleus [18-20] and nucleus-nucleus [21-
26] collisions at high energies. More recently, NA49 Collaboration [27] pre-
sented an event-by-event analysis of fluctuations in central Pb-Pb collisions at 
158 GeV per nucleon energy. In addition to the progress made in experimental 
studies on non-statistical fluctuations, many milestones have been achieved on 
theoretical front as well. Many studies focussing especially on various aspects 
relating to the occurrence of fluctuations as an evidence for thermalization and 
critical fluctuations at QGP phase transition have been undertaken [28-30]. 
In the beginning of this chapter, mathematical formalism relating to the 
study of intermittency in relativistic heavy-ion collisions is presented. There-
after, some of the most useful and important models describing the intermittent 
behaviour and the occurrence of phase transition are discussed. Finally, results 
on various aspects of intermittency observed in 4.5A and 14.5A GeV/c ^*Si-
nucleus collisions using scaled factorial moments and the Ginzburg-Landau 
description are presented. 
^9 
3.2 Mathematical formalism 
The observations of the spike events first observed in cosmic ray inter-
actions [4] and later in the laboratory [31] have resulted in great spurt of 
interest in studying intermittent behaviour in high energy collisions. Bialas 
and Peschanski [6,7] have done pioneering work in this field by formulating 
the characteristics of intermittency theoretically. Under this, a pseudorapidity 
interval Ar/ is divided into M bins of equal size, 5r] = Arj/M. If n^ is the 
number of particles in the m**^  bin, where m takes on the values from 1 to M, 
then depending on the type of averaging, two types of cell averaged moments 
are defined as described in the following section. 
3.2.1 Horizontal scaled factorial moments 
The cf' order scaled factorial moment for a large multiplicity single event 
is defined [6,7] as: 
T? _ A/rq-l Y^M n„i(r i„ | - l ) ( n m + q - l ) ('i^\ 
T q — .Vi Z ^ m = l N ( N - l ) ( N - q + 1 ) ^'^'^^ 
where N represents the total number of particles in the event in the pseudo-
rapidity interval Ar/. 
For a sample of events, having different multiplicities, the above expression 
changes to [32]: 
I? _ A^-q-l \ p M nni(rini-l) ( r im+q- l ) / Q o^ 
'- q — -^^ Z ^ m = l < X > 1 W-"^) 
where < N > represents the mean multiplicity of the data sample in the interval 
AT?. 
sn 
On averaging over the number of events in the data sample, one gets: 
^ T- ^ M ' l - ' v^ sr^U nm(nni - l ) •••• ( r im+q- i ) (o r>\ 
It has been shown [6,7] that for smooth rapidity distributions, i.e., rapidity 
distributions not exhibiting any fluctuations other than the statistical ones, 
< Fq > is essentially independent of the resolution 5rj in the limit 6rj -> 0. 
However, if there exists any dynamical contribution to these fluctuations, the 
scaled factorial moments should obey [6,7] the following power law: 
< F„ > ATI for 57? -> 0 (3.4) 
For a situation, where the above power law holds, the spectrum is said to 
be intermittent 
The positive constants, (/)q, referred to as the intermittency indices, char-
acterize the strength of the intermittency effect. The power law predicts a 
characteristic linear rise of ln< Fq > as a function of In 6r] for comparatively 
smaller bin widths. 
The intermittent indices can be obtained from the asymptotic behaviour 
represented by: 
, _ Aln<F^> 
^'1 "~ Alndri 1>J-JJ 
The power law behaviour of the scaled factorial moments is envisaged [31,32] 
to be due to the fractal nature of the particle emission source. This aspect is 
studied through the behaviour of anomalous fractal dimensions, dq, which are 
obtained directly from the slopes 0q using: 
SI 
The scaled factorial moments are sensitive to the shape of the pseudorapidity 
distribution. Thus for a non-flat distribution, varying within a finite bin of 
width 5ri. an extra M dependent correction factor, Rq is introduced [35] in the 
following fashion: 
Rq = M' ' - 'E„ ,^5T^ (3.7) 
where < n„, > = ^ , E I : ^ ^ (3-8) 
Thus, the corrected scaled factorial moments are calculated from: 
< Fq >'°" = ^ (3.9) 
The correction factor, however, becomes insignificant in the case of flat distri-
butions 
3.2.2 Vertical scaled factorial moments 
The vertical scaled factorial moments are defined as: 
p v _ _L y ^ ^ nin(rim-l) ( n „ i + q - l ) 
q M ^ m = l < n ' , > ' i [6.W) 
and on averaging over all the events < F^ > would become: 
q ^ M ^m=l N^^^  2.,= ! <n^ ,>^  (3.11) 
where < n' > = —!—v^"« n /„,„^ 
^W ^'=1 ""'.> (3.12) 
. 1 Li 
is the average multiplicity of the m*'^ ' bin over the whole data sample compris-
ing of the number of events, ^evt-
3.3 Random cascade model 
The power law behaviour and the existence of fractal dimensions are well 
understood concepts in fluid turbulence [3,4]. However, an important issue 
to be addressed is whether an analogous approach could be used while deal-
ing with the intermittency phenomenon in relativistic nuclear collisions. It is 
worthrnentioning that, intermittency in turbulence was first demonstrated in 
terms of Cascade Models [36]. However, a modified form of these models [6,7], 
put forward by Bialas and Peschanski, are being mostly applied in studying 
multiparticle production processes in relativistic nuclear collisions. In such 
models, the phase space, which in relativistic collisions, is represented by the 
pseudorapidity variable, rj, or the azimuthal angle, (f), is partitioned in a series 
of self-similar steps. If M denotes the number of bins obtained by breaking 
up the total phase space into A parts at each step of the /u iterations of the 
self-similar cascade then: 
M = A" = (3.13) 
for a total rapidity range Ar/ divided into bins of width Srj. 
The partition of the phase space can be visualized in terms of the Cayley 
tree shown in Fig. 3.1 or the phase space partition box diagram shown in Fig. 
3.2 for the simplest case of A = 2. In cascade models, one multiparticle event 
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Fig. 3.1 Cayley tree representation of intermittency. 
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Fig. 3.2. Box diagram of intermittency. The initial phase space is divided 
into boxes following the Cayley tree scheme of Fig. 3.1 
(0 • » 
is defined by a set of randomly chosen numbers, W's, one for each link of the 
Cayley tree or equivalently for each box of the phase space partition diagram. 
The random numbers are considered to be independent random realizations of 
a random function following an arbitrary probability distribution r(W) with 
the constraints: 
< W ' i > = /W^r(W)dW and (3.14) 
< W > = 1 (3.15) 
The density P^ in the m**" bin is given by the product: 
Pm = ijfn::=,w„ (s.ie) 
or p = -L-^iml- (3.17) 
where p(m) is the particle density in the m*^  bin for which the path is defined 
through a sequence of indices n. 
It may be mentioned that for the second event, the Random Cascade Mod-
els assume a new set of random choices for all W's in the tree structure. This 
essentially means that W's are independent of the scale at which they operate. 
The intermittent behaviour in this model is represented as: 
F, = < (MP„)'^ > (3.18) 
or, F , = < n f : = i W ^ > (3 19) 
o r F = /'A2Vn<W<i>/lnA 
' '^'i ^sj (3.20) 
The intermittency indices are expressed as-. 
^6 
0„ = In < W^ > /InA (3.21) 
which implies that the random cascade model indices possess multifractal spec-
trum [37]. Random cascade models for the simplest case of A = 2 are referred 
to as the cv-models [2,3], in which the distribution r(W) is expressed by two 
level probability distribution: 
r(W) = p S{W- W_) + (1 - p) S{W - W+) (3.22) 
where 0 < W_ < W+ and the normalization condition requires: 
p W_ + (1 - p) W+ = 1 (3.23) 
Here \'V+(> 1) represents the density enhancement and occurs with a proba-
bility p at each step of the cascade and W_(< 1) denotes the density depletion 
with probability (1 p). 
The enhancement and the depletion create respectively "spikes" and "holes" 
in the rapidity distribution. The intermittency indices in this case are ex-
pressed as: 
0q = In [p Wl + (1 - p) W![]/ln2 (3.24) 
3.4 Phase transition and Ginzburg-Landau model 
The importance of ultra-relativistic heavy-ion collisions for providing an 
opportunity to study the vacuum properties of QCD has already been stated 
in Chapter I. In such collisions, kinetic energies of the colliding nuclei are 
r7 
converted into thermal ones and a hot and dense state of matter, quark-ghion 
plasma, is envisaged to be formed. The system will cool with its subsequent ex-
pansion and will undergo a phase transition from deconfined QGP to confined 
hadrons. Since the only experimental observables are the final state particles, 
one, therefore, searches for the signals of such a phase transition by studying 
the characteristics of these particles. In addition to many other signals, non-
statistical fluctuations in the final state of particle production are visualized 
to be the experimental tool to diagnostically confirm the elusive quark-hadron 
phase transition [38-42]. Theoretical study of the fluctuations in quark-hadron 
phase transition is being carried out [40,43] for the last several years. Amongst 
many phenomenological models, the Ginzburg-Landau Model has been used 
to make useful predictions which can be compared with the experimental re-
sults [44,45]. This model has been extensively used in describing the scaling 
behaviour such as the scaled factorial moments in both the first-order [46-50] 
and the second-order [46] phase transitions, the multiplicity difference corre-
lators [47] and multiplicity distribution in the phase transitions [48-50]. 
In the Ginzburg-Landau description, the scaled factorial moments are ex-
pressed [46] as: 
^"i " ^'i/^'i' (3.25) 
where f, = 1 ./D<^(/,dZ|0P)') exp(-F[0]) (326) 
and Z = JDcP exp(-F[0]) 3^ 27) 
.^s 
where F is the free energy function given by: 
F{(j)) = fdZ [aj^ f-^  + bl0|^ + c|V</.|''^ ] (3.28) 
Here a oc (T — Tc) represents the deviation from the critical point. It may be 
noted that b and c appearing in Eq. 3.28 are greater than zero and |(/>|^  is 
associated with the multiphcity density of the system. 
3.5 Results and discussion 
3.5.1 Variation of In < Fq > with -In 6rj 
Figs. 3.3-3.5 exhibit In < Fq > versus —In 6r] plots for the interactions of 
4.5A and 14.5A GeV/c '^^ Si nuclei with emulsion, CNO and AgBr targets. The 
solid lines in the plots represent the least squares fits to the experimental data. 
For all the three categories of interactions at both the energies, the SFM are 
observed to increase linearly with decreasing bin widths Srj indicating thereby 
the presence of intermittent behaviour in all these interactions. 
At a particular incident energy, the SFM are found to have higher values 
for the interactions due to CNO than those due to AgBr targets. This effect 
may be a projection of lower multiplicity in the events resulting from the in-
teractions due to CNO than those from AgBr targets [19]. 
No significant change in the scaled factorial moments is observed when the 
incident energy is increased threefold. 
3.5.2 Variation of intermittency indices, (/iq, with q 
The intermittency indices, ^q, which characterize the strength of intermit-
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Fig. 3.3 Variations of In <F > with -In 5ii for Si-Em 
interactions at: (a) 4.5A and (b) 14.5A GeV/c. 
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Fig. 3.4 Variations of In <F > with -In dr\ for 4.5A GeV/c 
28 
Si nuclei interactions with: (a) CNO and 
(b) AgBr targets. 
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Fig. 3.5 Variations of In <F > with -In ST] for 14.5A GeV/c 
Si nuclei interactions with: (a) CNO and 
(b) AgBr targets. 
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tency effect fiave been obtained from the linear dependence of In < Fq > on 
—In 6r). The values of </)q obtained for the interactions of 4.5A and 14.5A GeV/c 
'•^ S^i nuclei with various targets are listed in Tables 3.1 and 3.2 respectively. 
Figs. 3.6-3.8 display 0q versus q plots for various interactions considered in the 
present study. The indicated errors in the plots are the statistical errors. The 
slopes are observed to increase with the order of the moment. This feature of 
the 0q distribution would give an important clue to the underlying dynamics. 
In Fig. 3.6 the slope parameters are observed to have higher values for 
the case of higher incident energy for each order of the moments. The inter-
mittency indices for the interactions due to CNO are observed to be higher 
than those due to AgBr for each order of the moments. The difference is more 
pronounced for higher order moments. 
3.5.3 Variation of anomalous dimensions, dq, with q 
The values of anomalous dimensions, dq, are plotted as a function of the or-
der of moment q in Figs. 3.9-3.11. The anomalous dimensions tend to increase 
with the order of the moment. Dependence of the anomalous dimensions on 
the energy of the projectile is clearly seen in Fig. 3.9; dq values are found to be 
comparatively higher for the interactions caused by 14.5A GeV/c ^^Si nuclei 
as compared to the corresponding values for the interactions induced by 4.5A 
GeV/c *^Si nuclei for each order of the moment. 
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28„. Fig. 3.6 Variations of (j) with q for Si-Em interactions 
at 4.5A and 14.5A GeV/c. 
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Table 3 .1 . Values of the slope parameters (pq for the collisions of 4.5A GeV/c 
^^Si nuclei with Emulsion, CNO and AgBr targets. 
Order of 
moment (q) 
2 
3 
4 
5 
6 
0q 
(Si-Em) 
0.15±0.02 
0.35±0.()8 
0.62±0.19 
0.94±0.32 
1.96±0.33 
0q 
(Si-CNO) 
0.17±0.03 
0.44±0.12 
1.77±0.31 
1.16±0.56 
1.56±0.87 
_ 
0q 
(Si-AgBr) 
0.14±0.03 
0.34±0.01 
0.60±0.22 
0.93±0.36 
1.97±0.36 
Table 3.2.Values of the slope parameters (j)g for the interactions of 14.5A GeV/c 
•^ S^i nuclei with Emulsion, CNO and AgBr targets. 
Order of 
moment (q) 
2 
3 
4 
5 
6 
<f>q 
(Si-Em) 
0.32±0.05 
0.71±0.12 
1.12±0.22 
1.54±0.33 
1.97±0.49 
(l>q 
(Si-CNO) 
0.38±0.07 
0.88±0.19 
1.44±0.33 
2.02±0.45 
2.58±0.55 
0q 
(Si-AgBr) 
0.27±0.04 
0.65±0.11 
1.06±0.22 
1.48±0.34 
1.93±0.52 
The values of the anomalous dimensions for the interactions due to lighter 
targets (CNO) are observed to be relatively higher in comparison to the corre-
70 
spondiiig values for the heavier targets (AgBr) for each order of the moment. 
3.5.4 Non-thermal phase transition 
It has been suggested [33] that intermittent behaviour in the final state of 
multiparticle production in a heavy-ion collision may be a projection of non-
thermal phase transition believed to occur during the evolution of the collision 
which in turn would be responsible for the occurrence of anomalous events. A 
non-thermal phase transition in heavy-ion collisions is a type of transition in 
which the new phase need not be characterized by thermodynamical behaviour. 
If a phase transition of this nature takes place then the function: 
A, = ^ ^ (3.29) 
is predicted [33,34] to have a minimum at some value of q = qc, where q^  
need not necessarily be an integer. The region satisfying the condition q < q^ . 
is dominated bv many small fluctuations, whereas the region q > qc contains 
rarely occurring large fluctuations. 
Figs. 3.12 and 3.13 show Aq vs q plots for 4.5A and 14.5A GeV/c '•^ ^Si-Em 
interactions. It may be of interest to note that a distinct minimum at y^  ~ 5 
for 4.5A GeV/c '"^ ^^ Si-Em interactions is observed; the observed minimum in 
the variation of Aq with q may be an indication for the occurrence of a phase 
transition [34]. 
3.5.5 Results on Ginzburg-Landau description 
An important and interesting phenomenon in the context of Ginzburg-
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28^ . Fig. 3.12 Variation of X, with q for Si-Em interactions 
at4.5AGeV/c. 
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2 8 ^ . 
Fig. 3.13 Variation of A, with q for Si-Em interactions 
at 14.5A GeV/c. 
r» 3 
Landau description is the power law scaling behaviour between < Fq > and 
< F2 > which is expressed as: 
< F,j > = < F2 >^" (3.30) 
The variations of In < Fq > as a function of In < F2 > are shown in Figs. 
3.14-3.16 for the various categories of interactions. The slopes ^q are obtained 
from the linear fits to the data exhibited in these figures. 
It is worthinentioning that in the framework of Ginzburg-Landau model, 
the slope parameter, /5q, is predicted to follow the equation: 
/-^  - ( q - i r (3.31) 
where z^  is a quantity valid for all the systems described by the Ginzburg-
Landau model, independent of the dimensions of the parameters of the model. 
Figs. 3.17-3.19 are the plots of In (5^ as a function of In (g - 1). 
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CHAPTER IV 
MULTIFRACTALITY IN RELATIVISTIC 
HEAVY-ION COLLISION 
4.1 Introduction 
Study of high-energy nucleus-nucleus collisions may address several impor-
tant issues concerning multiparticle production. Besides this, these collisions 
are envisaged to create conditions necessary for the production of quark-gluon 
plasma (QGP). Various studies [1-4] suggest the possibility of existence of a 
deconfined phase of matter comprising essentially of quarks and gluons at en-
ergy density ~ 3 GeV/fm^ with a subsequent phase transition to hadrons. 
Several important and fascinating signatures [5] for the production of QGP 
have been proposed. One of the various possible approaches is to investigate 
the fluctuations in particle densities. Such investigations are carried out with 
the realization that a phase transition may give rise to fluctuations in indi-
vidual events which may manifest as clear peaks or spikes in the phase space 
domains [6-8]. In the case of hydrodynamic turbulence, this aspect is studied 
via scaling properties of the moments of the relevant distributions as functions 
of the bin sizes of the phase space [9]. 
An attempt to investigate some important characteristics of the mecha-
nism involved in multiparticle production was made by Bialas and Peschanski 
[10], who have suggested a power law behaviour for the factorial moments as 
S4 
function of successively decreasing phase space bins which is referred to as 
intermittency. The search for a link between intermittency and a phase tran-
sition, leads to a thermodynamic formulation of fractal dimensions of which 
intermittency is a special case [11-14]. A fractal or a self-similar object has 
the characteristic property of satisfying a power law scaling behaviour which 
reflects the underlying dynamics [15]. In this chapter, method of multifrac-
tal moments [15] is used to investigate the scaling properties of relativistic 
nucleus-nucleus collisions. In Section 4.2, some features of fractals and rele-
vance of their studies for investigating the important characteristics of mech-
anism of multiparticle production has been briefly described. In Section 4.3, 
various mathematical formalisms used to study multifractality are presented. 
Experimental results on multifractal studies in relativistic nuclear collisions 
are presented in Section 4.4. 
4.2 Multifractality 
Fractals, in general, refer to the geometrical objects which do not possess 
any characteristic scale but instead are self-similar over many length scales 
[16]. As the study of self-similar properties of multiplicity fluctuations in high 
energy nuclear collisions is one of the main concerns, an attempt is, therefore, 
made to carry out fractal analysis which is closely connected with such studies 
[17]. However, it is of prime importance to know, while studying multipar-
ticle production, which feature of high energy collisions has fractal nature. 
o a . ) 
The existence of fractal nature can be understood in terms of the presence 
of holes in a cantor set [16,18] as shown in Fig. 4.1. As an example, one 
may look at the rapidity distribution of the relativistic particles produced in 
a very-high-multiplicity event recorded by JACEE [6] Collaboration; the ra-
pidity distribution of the event is displayed in Fig. 4.2. The distribution is a 
typical one as it has unusual several peaks and valleys. 
The particle number density in each rapidity bin depends on whether the 
resolution of the binning is of the order of or better than the rapidity separa-
tion between neighbouring particles [17]. Empty bins in the distribution are 
analogous to the holes in the cantor set. If a distribution under study possesses 
fractal properties, then the set of non-empty bins would form fractal set [17]. 
Furthermore, if M represents the number of bins and 5r] is the bin size in the 
rapidity space, then in the limit 6r] —> 0, the fractal property of M suggests 
M oc {5T]y^° (4.1) 
where DQ is the fractal dimension (DQ < 1). 
In addition to the set of non-empty bins, there is a possibility of many other 
subsets with different fractal properties. All such subsets collectively consti-
tute the multifractal structure. In the present study, the standard method of 
multifractal analysis [9,19,21] is used. The rapidity space, Arj = r/^ ^x - r/„„n, 
in an event and the bin width, 6r], are related as: 
Sri = Ari/M ^^2) 
lifi o 
II II II II 
Fig. 4.1. Cantor Set (an example of fractal object). The set is constructed by removing 
the middle third of a unit interval and subsequent repetition of this action in 
each interval of previous step. 
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If n, denotes the number of particles in j * ^ bin, where j labels the bins and 
obviously if non-empty bins are also included, then j would run from 1 to 
M. The total number of particles in an event is estimated using the relation, 
n = Y^^l^ Uj and the fraction of particles in the j^*" bin is estimated from 
Pj = Uj/n. The quantity Pj is a small number when 6r) is very small and 
fluctuates distinctly amongst the various bins. For a smooth but not necessar-
ily fiat rapidity distribution, pj in the limit STJ —> 0, would have a first order 
linear dependence on STJ, i.e., Pj will vary as 6rj. However, for a non-smooth 
rapidity distribution, that is, the distributions with apparent fluctuations, the 
dependence may be expressed in a more general form 
Pj oc ((5r/)" (4.3) 
where a is positive. It may be noted that the proportionality sign applies to 
non-empty bins only. The above relationship, which maps j to a through the 
binning resolution dependence, is a fundamental step for examining multifrac-
tality. It is quite clear that in an event different bins would have different 
a values. However, it is possible to map many bins to a small interval in 
a. For instance, if we consider a particular interval da located at fv^  i.e., 
a^ <n < a, + da, then all the bins that correspond to this interval constitute 
a fractal subset, S^ ; the characteristics of the set depend on cv^ . For the full 
range of a, the integration of a, results in a fractal set which includes all the 
non-emptv bins of the event. If M, represents the number of elements in the 
LiJ 
subset Sr, then the total number of non-empty bins in the event is: 
M' = ErMp (4.4) 
where \ I ' may obviously be different from M, because the non-empty bins only 
are being considered. 
For small 6r], the dependence of Mr on 6i] is expressed as: 
Mr oc (5r/)-^ ("^^ (4.5) 
The exponent f(o:r) characterizes the fractal properties of all subsets, Sr. Thus 
f(ar) is a function to which multiplicity fluctuations in the rapidity distribu-
tions are mapped. This spectral function is, therefore, of main interest in 
carrying out multifractal analysis. 
In the next section, various mathematical descriptions relating to the de-
termination of spectral function, f(Q;), for examining the multifractal nature 
are presented. 
4.3 Mathematical formalism 
As already mentioned, for studying multifractality, a given pseudorapidity 
range, A77 = r/^ ax - 77m,ri, is divided into M bins of width 5r) = Ar//M. If 
Uj denotes the particle multiplicity in the j * ^ bin, then a multifractal moment, 
Gq, is defined [15,22] as: 
G. = Ej(p,)^ (4.6) 
9.1 
where the summation is carried out over the non-empty bins only which consti-
tute a fractal set. On averaging over all the events in a data sample consisting 
of Npvt events, < G^ > is expressed as: 
<Gc,> = i ; E r - ' G , (4.7) 
For the fractal nature of rapidity distribution, < Gq > should exhibit a power 
law behaviour [23] over a range of small 6r] in the following fashion: 
< Gq > (X {SriY'^ (4.8) 
where Tq are the mass exponents and may be determined from the observed 
linear dependence of In < Gq > on \nSrf using: 
r. = l^™..-.o^5^ (4.9) 
The spectral function, f(aq), which can be obtained [15] by Legendre transform 
using the standard procedure of multifractals [24] is calculated from: 
f(«q) = qCVq-Tq (4.10) 
where a^ defined as: 
Oq = 
dTr, 
dq^ (4.11) 
are referred to as the Lipschitz-Holder exponents [23]. 
For a multifractal structure, the spectral function is a smooth function, 
concave downwards with its maximum at a.^o- The left (q > 0) and right 
(q < 0) wings of the plots of the function give a quantitative description of the 
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fluctuation density in the dense and sparse regions of a single particle pseudo-
rapidity distribution [22]. 
Inhomogeneity of the pseudorapidity distribution is determined by the 
width of the distribution. The non-existence of a sharp peak in f(aq) ver-
sus «q plot at «q corresponding to q = 0 reveals non-smooth nature of the 
pseudorapidity distribution in the phase space [26]. 
One of the most basic properties of the fractals which describes the scaling 
behaviour are the generalized dimensions; the generalized dimensions, Dq, are 
defined [27]as: 
D. = i ^ (4-12) 
It may be of interest to note that if Dq decreases with increasing q, the pattern 
is known as multifractal and on the other hand, if Dq is constant, the pattern 
is referred to as monofractal [27,28]. For q = 0, Do = f(Q!o) is known as 
fractal dimension whereas for q = 0, GQ = M and M oc {SrjY'^; M may be 
expressed as: 
M oc (c^ ?7)-"o (4.13) 
which, incidentally, is identical to Eq. 4.1; the dependence envisaged in Eq. 
4.13 is the basic property of a fractal set. Hence DQ is referred to as the fractal 
dimensions for describing multiparticle production process. For q = 1, we have 
the information dimension, D,, related to a, and f(a,) in the following fashion: 
Di = a, = f(a,) 
U2 
Using the definition of Gq moments and the power law behaviour one would 
get: 
D, = - l i m ^ ^ ^ o ^ 
where 
S{Sr,) = - E j l i P j l n p , (4-14) 
is the definition of entropy in information theory [26]. For q = 2, Eq. 4.12 may 
be used to find the correlation dimension [29,30]. It may be mentioned that Pj^  
in Eq. 4.6 represents the probability of having two particles in the j '*" bin. In 
terms of the spectral function, f{a), the correlation dimension is determined 
using the following expression: 
D, = 2 c v , - f M (4-15) 
4.4. Results and discussion 
4.4.1 Multifractal moments 
4.4.1.1 Variation of In < Gq > with -\n5r] 
The values of In < Gq > as a function of -hiSr] for 4.5A and 14.5A GeV/c 
^^Si-Em collisions are plotted in Fig. 4.3. The multifractal moments are ob-
served to increase linearly with decreasing bin width, Sr]. Furthermore, the 
moments with positive values of q exhibit linearity over a relatively wider 
range of -In^r/ than the moments with negative q values which tend to sat-
urate with decreasing Srj. This effect may be due to decrease in the particle 
A 
o 
o 
V 
c 
!«3 
-In5r| 
-ln5Ti 
Fig. 4.3 Variations of In <G > with -In 5TI for the experimental data 
28 
on Si-Eni interactions at: (a) 4.5A and (b) 14.5A GeV/c. 
• j l 
multiplicity in smaller bin widths [31]. The observed linear rise of multifractal 
moments in pseudorapidity phase space manifests self-similarity in the mecha-
nism of particle production for the interactions considered in the present work. 
In order to extract the dynamical component of the multifractal moments, 
experimental results are compared with those for the Monte Carlo generated 
data sets, MC-4.5 and MC-14.5 corresponding respectively to 4.5A and 14.5A 
GeV/c '^ ^Si-Em collisions. The Monte Carlo events are generated applying the 
following criteria: 
* Multiplicity distribution of the particles should be similar to the correspond-
ing experimental distribution. 
* The emitted particles should not be correlated. 
* For each event with multiplicity n, its multiplicity distribution should have 
a Gaussian shape with its mean value and dispersion comparable with the 
corresponding experimental values for the whole sample. 
Figs. 4.4 and 4.5 are the plots of In < Gq > versus -\ji5r] for the Monte 
Carlo generated data sample and the sample generated using FRITIOF. The 
plots for the generated data samples are found to be quite compatible with the 
corresponding experimental plots. It is interesting to note that similar trends 
have also been observed in relativistic hadron-nucleus [32] and nulceus-nucleus 
[33] collisions. 
In order to examine the dependence of multifractal moments on target 
mass, the values of In < Gq > are plotted as a function of -\nSrj for the in-
H S 
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Fig. 4.4 Variations of In <G > with -In dx] for the Monte Cario generated 
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data on Si-Em interactions a t (a) 4.5A and (b) 14.5A GeV/c. 
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Fig. 4.5 Variations of In <G > with -In 5r] for the FRITIOF generated 
28, data on Si-Em interactions at (a) 4.5A and (b) 14.5A GeV/c. 
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teractions of ^^ Si nuclei with CNO and AgBr targets at 4.5A and 14.5A GeV 
energies which are displayed in Figs. 4.6 and 4.7 respectively. The rnultifractal 
moments for the interactions due to CNO targets tend to saturate earlier than 
those for the collisions due to AgBr targets. This behaviour may be attributed 
to lower multiplicity values in the interactions due to lighter targets as com-
pared to those with the heavier targets [31]. 
4.4.1.2 Mass exponents 
The mass exponents, Tq, are obtained from the linear dependence of In < Gq > 
on -InSq. For carrying out fittings, only the portions of the curves showing 
linear behaviour are considered. The values of the mass exponents for the 
interactions of 4.5A and 14.5A GeV/c '"^ S^i nuclei with various targets are re-
spectivelv listed in Tables 4.1 and 4.2. 
Variations of Tq, T^* '^ and r^^" with the order of the moment q are shown 
in Fig. 4.8; r^^^ represents the slopes for the Monte Carlo generated data 
sets and T^"^" represents the dynamical component of the parameter which is 
calculated usmg the relation: 
T-q""' = T q - r f ^ t ^ q - l (4.16) 
In Fig 4.8, it is seen that Tq increases with q. However, the rate of the 
increa.se in the regions corresponding to positive and negative values of q are 
quite different. In the region characterized by q < 0, the increase in r^ with q 
is relatively more rapid in comparison to that for the region where q > 0. 
<fX 
-InSri 
-In6ti 
Fig. 4.6 Variations of In <G > with -In 8r\ for the interactions of 
4.5A GeV/c ^^ Si nuclei with: (a) CNO and (b) AgBr. 
u^ 
o 
Fig. 4.7 Variations of In <G > with -In 6TI for the interactions of 
14.5A GeV/c *^Si nuclei witii: (a) CNO and (b) AgBr. 
too 
28^. Fig. 4.8 Variations of T with q for Si-Em interactions at: 
(a) 4.5A and (b) 14.5A GeV/c. 
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Table 4.1. Values of the Mass exponents Tg for the interactions of 
4.5A GeV/c '^^ Si nuclei with Emulsion, CNO and AgBr. 
order of 
moment (q) 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
^q 
(Si-Em) 
-13.45± 3.19 
-10.80± 2.11 
-8.23±1.21 
-5.79±0.55 
-3.65±0.23 
-2.00±0.10 
-0.84±0.04 
0 
0.63±0.02 
1.09±0.04 
1.43±0.07 
1.65±0.11 
1.80±0.16 
^q 
(Si-CNO) 
-12.20±0.62 
-9.74±0.42 
-7.47±0.25 
-5.26±0.16 
-3.42±0.11 
-1.94±0.08 
-0.83±0.05 
0 
0.62±0.05 
1.08±0.10 
1.40±0.16 
1.62±0.22 
1.77±0.27 
T-q 
(Si-AgBr) 
-14.12±0.36 
-11.46±2.58 
-8.85±1.59 
-6.35±0.79 
-4.06±0.32 
-2.24±0.12 
-0.93±0.03 
0 
0.73±0.01 
1.33±0.01 
1.83±0.02 
2.23±0.02 
2.55±0.01 
Incidentally, this observation is in agreement with the predictions of gluon 
model [32]. Furthermore, r^^" is different from T^, indicating the presence of 
dynamical contribution to the fluctuations. In Fig. 4.9, the observed slope 
parameters, Tq, are found to be comparable with the corresponding FRITIOF 
values. 
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Fig. 4.9 Variations of experimental and FRITIOF values of T with q 
for Si-Em interactions at: (a) 4.5A and (b) 14.5A GeV/c. 
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Table 4.2. Values of the Mass exponents r^  for the interactions of 
14.5A GeV/c *^ Si nuclei with Emulsion, CNO and AgBr. 
order of 
moment (q) 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
(Si-Em) 
-13.84± 0.63 
-11.16± 0.27 
-8.o5±0.03 
-6.07±0.07 
-3.84±0.03 
-2.05±0.06 
-0.82±0.06 
0 
0.57±0.08 
0.99±0.16 
1.29±0.23 
1.52±0.29 
1.68±0.35 
^q 
(Si-CNO) 
-12.92±0.86 
-10.32±0.65 
-7.84±0.45 
-5.52±0.31 
-3.50±0.22 
-1.91±0.16 
-0.77±0.09 
0 
0.55±0.09 
0.96±0.18 
1.27±0.27 
1.50±0.34 
1.67±0.40 
•^q 
(Si-AgBr) 
-14.37±0.73 
-11.67±0.28 
-9.03±0.05 
-6.48±0.21 
-4.16±0.15 
-2.24±0.01 
-0.89±0.04 
0 
0.64±0.07 
l.l4±0.1o 
1.53±0.22 
1.85±0.29 
2.09±0.3o 
Fig. 4.10 exhibits T^ VS q plots for '^ **Si-Em interactions both at 4.5A and 
14.5A GeV energies. It is worthmentioning that the values of r^ for different 
q are slightly higher for the lower projectile energy in comparison to those for 
the higher energy. However, this result is in disagreement with those reported 
in earlier [31]. 
For investigating target dependence of the mass exponents, r^, its values 
for the interactions due to CNO and AgBr targets are plotted in Fig. 4.11. For 
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q < 1, tlie mass exponents have relatively lower values for the interactions due 
to AgBr than those for CNO, whereas in the region corresponding to q > 1, 
the opposite trend is observed. 
4.4.1.3 Dependence of generalized dimensions on q 
Variations of the generalized dimensions, Dq, with the order of the moment, 
q, for *^^ Si-Em interactions at the two incident energies are exhibited in Fig. 
4.12. For both the energies, generalized dimensions satisfy the multifractality 
condition, namely, Dq > Dq/, where q < q'. The generalized dimensions are 
found to be positive for all the orders of the moments q and demonstrate a 
decreasing trend with increasing q. This behaviour is in excellent agreement 
with the predictions of multifractal cascade model [35]. It may be noted that 
Dq turns out to be more than unity for q < —2, a result in agreement with 
those reported [31] earlier for different projectiles over a wide range of beam 
energies It is also noticed in Fig. 4.12 that the generalized dimensions tend to 
attain lower values for higher projectile energy in the region characterized by 
q < 0, i.e., for negative order moments. However, in the region having q > 0, 
this trend seems to change, but not very significantly. 
In order to examine whether there exists any dependence of the generalized 
dimensions corresponding to a certain order of moment on the target size, Dq 
vs q plots for the interactions of '^ S^i nuclei with CNO and AgBr targets are 
plotted m Fig. 4.13. The generalized dimensions have higher values for the 
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interactions due to heavier targets for each order of the moment although the 
effect appears to be rather more pronounced for the situation corresponding to 
q < 0. One of the reasons for the higher values of the generalized dimensions 
for the interactions due to heavier targets may be attributed to increase in the 
average multiplicity with increasing target mass [34]. 
Study of generalized dimensions, Dq, plays a significant role in the fractal 
analysis. The set of generalized dimensions DQ, DI and D2 corresponding to 
q = 0, q = 1 and q = 2 respectively, are determined and listed in Table 4.3. 
These generalized dimensions are regarded to be very sensitive to the dynamics 
of particle production [27]. 
Table 4.3 Values of the generalized dimensions DQ, DI , 
D2 for various types of collisions. 
Interaction type 
Si-Em 
Si-Em 
Si-CNO 
Si-CNO 
Si-AgBr 
Si-AgBr 
Energy (GeV) 
4.5A 
14.5A 
4.5A 
14.5A 
4.5A 
14.5A 
Do 
0.90 
0.92 
0.91 
0.94 
0.99 
0.97 
D, 
0.66 
0.71 
0.71 
0.72 
0.73 
0.77 
D2 
0.60 
0.71 
0.71 
0.72 
0.73 
0.77 
4.4.1.4 Dependence of f(aq) on a^ 
Fig. 4.14 shows the variation of the spectral function, f(o;q), with the 
Lipschitz-Holder exponents, a^, for 4.oA and 14.5A GeV/c ^^Si-Em interac-
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Fig. 4.14 Variations of f(a ) with q for Si-Em interactions a t 
(a) 4.5A and (b) 14.5A GeV/c. 
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tions. The spectra are concave downwards centered around a^ corresponding 
to q = 0 and a common tangent at an angle of ~ 45°. This observation agrees 
fairly well with the predictions of gluon model [15]. However, f(Q;q) is not 
peaked in any of the cases studied which is an indication of non-smooth na-
ture of the multiplicity distribution of the particles produced in the interactions 
considered in the present study. The left wings (q > 0) of the spectra are sen-
sitive to the peaks whilst the right wings (q < 0) belong to the valleys in their 
respective pseudorapidity distributions. 
Figs. 4.15 and 4.16 represent f(aq) versus a^ plots for the Monte Carlo 
and FRITIOF generated data samples. The widths of the multifractal spectra 
for experimental data sample are relatively wider than those for the simulated 
data sets, which in turn would mean that f(aq)''^" has a width characteristic 
of the non-statistical fluctuations. 
Fig. 4.17 shows f(Q!q) spectra for ^^Si-Em interactions at 4.5A and 14.oA 
GeX'/c plotted for examining the effect of the projectile energy on the shape 
of the spectra; the spectra at the two energies are nearly similar in the left 
wings. However, in the right wing corresponding to q < 0, the spectrum for 
the higher energy tends to broaden. 
For investigating whether f(o;q) spectra depend on target mass, the spectra 
for the interactions of ^^ S^i nuclei with CNO and AgBr targets are plotted in 
Fig. 4.18 for both the energies. It is observed that for the interactions due to 
AgBr targets the spectra have larger widths in comparison to the spectra for 
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the interactions due to lighter (CNO) targets . It may further be noted that 
the contribution to the broadening of the width of the spectra with increasing 
target mass conies mainly from the regions corresponding to q < 0. This ob-
servation is in disagreement with those reported earlier [34]. However, all the 
spectra are wide enough to indicate the occurrence of multifractality for the 
interactions considered. 
4.4.2 Modified Gg moments 
The Gq moments, discussed in the preceding section, provide a better ap-
proach than the usual scaled factorial moments for examining multifractal 
structure. This is due to the fact that for studying Gq moments one does not 
take into account the spikes in pseudorapidity distributions only but also in-
clude the non-empty valleys which occur in the region characterized by q < 0. 
However, these moments saturate in the limit 5rj —> 0, where the particle 
multiplicity in the non-empty bins approaches unity and it becomes difficult 
to separate the statistical contribution to the fluctuations [25,37]. Recently, 
R. C. Hwa [38] has re-defined the Gq moments as G^ and it is written as: 
G[;' = r;up'!o{u,-q) (4.17) 
where 6 is the usual step function equal to 1 for Uj > q and 0 otherwise. Thus, 
the moments corresponding only to the values of q being positive integers are 
considered. The 9 function plays a significant role in modifying the ordinary 
Gq moments, particularly in the cases where particle multiplicity is relatively 
w 
small. However, for very large multiplicities, ii/M > q, Gq and G™ moments 
tend to become identical. 
4.4.2.1 Variation of In < G^ > with In M 
Variations of In < G"^' > with In M for 4.5A and 14.5A GeV/c ^^Si-Em 
collisions are displayed in Figs. 4.19 and 4.20. The log-log plots between 
< G" > and M exhibit a linear behaviour, verifying thereby the following 
power law: 
< G- > ex (M)^" (4.18) 
The statistical contributions to < G^ > moments are determined using the 
simulated data sets, MC-4.5 and MC-14.5. Variations of In < GJ]" > with In M 
for these data sets are also displayed in Figs. 4.19 and 4.20 by the dotted 
curves. The values of < Gq >^ *^ * are observed to be much smaller than the 
values of < G" >, particularly in the region corresponding to higher values 
of q,that is, q > 4. These observations are, thus, in reasonable agreement 
with those reported earlier [38]; all the quantities involved in the study of 
multiplicity fluctuations are calculated using Monte Carlo code (ECCO) based 
on geometrical branching model [38]. It is worthmentioning that for q > 1, the 
linear dependence of In < G" > on In M has been observed in //-p, p-p and 
e+-e" interactions[39,40]. 
The dynamical component of < G^' > is expressed [25] as: 
< G. >''^ " = ^S&M^-'' (4.19) 
0 -
V -4 -
-8 -
• Experimental 
Random sequence 
J I 1 I I 1 I 1 I I . 
0.0 0.5 1.0 1.5 2.0 2.5 
InM 
118 
Fig. 4.19 Variation of In <G ""> with In M for 4.5A GeV/c 
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It is, therefore, evident that if < GJJ' > is purely statistical, then < Gq >''''" 
should vary as M'"'^, thereby indicating the involvement of trivial dynamics. 
4.4.2.2 Mass exponents 
Eq 4.19 indicates the presence of dynamical component of < G "^ > if 
< Gq >''y" does not vary as M'~'^. This, in turn, would suggest that larger the 
dynamical contribution, greater will be the deviation in the values of r^" from 
the line corresponding to rl"= q — 1 
Fig. 4.21 shows the variations of r^, T^^^\ T^^" with q; T^^" is calculated 
using the following relationship: 
T. dvti ^m _ ^stat q = r^ "' - T^'^' + q - 1 (4.20) 
It is observed that r^^" shows a clear deviation from q — 1, thus indicating the 
presence of dynamical component of fluctuations. 
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CHAPTER V 
FLUCTUATIONS IN RAPIDITY DENSITY 
A N D RAPIDITY SPACING SPECTRA 
5.1 Introduction 
The dynamics of multiparticle production in relativistic nucleus-nucleus 
collisions is considered to be rather complex and is the least understood in 
comparison to those involved in hadron-hadron and hadron-nucleus interac-
tions at high energies due to the fact that the number of participating nu-
cleons is believed to play an important role [1]. In a central ^^0-Ag collision 
this number is predicted [1] to be around 70, while only few nucleons may 
be involved in a peripheral collision. If in a nucleon-nucleon collision inside a 
nucleus, final state particles are produced instantaneously; all these particles 
have a fair chance of re-interacting with the nuclear medium. On the other 
hand, if the formation time is long, that is, longer than the nuclear distances, 
the energy carried by the incident hadron would continue as a unit while pass-
ing through the target. These two pictures of collisions, thus, predict different 
values of multiplicities of the emitted particles. By studying the various emis-
sion characteristics of the produced particles and comparing these with the 
corresponding values predicted by different models, important conclusions re-
garding the mechanism of production of these particles may be drawn. 
The produced particles are envisaged to be strongly correlated [2,3]. The 
J£5 
observed correlation is expected on theoretical grounds [4] as well due to the 
production of hot hadronic matter, resonances or quark-gluon plasma. The ob-
servation of intermittent behaviour in multiplicity distributions [5,6] have also 
been interpreted as a possible manifestation of short-range correlations [7,8]. 
Although these correlations have been extensively studied [1,5,6,9] at different 
energies, yet no final remarks have been made. It has been suggested to adopt 
some new approach for a clear and better understanding of the occurrence of 
fluctuations and correlations in relativistic nucleus-nucleus collisions. Further-
more, even if the required extreme conditions of high temperature and high 
energy density for QGP formation are achieved, QGP will not be produced in 
all the events. For selecting the QGP events, a certain analysis on event-by-
event basis should, therefore, be carried out. One of the simplest and most 
useful methods for studying correlations is the study of the maximum density 
fluctuations in relatively narrow rapidity bins. An attempt is, therefore, made 
to investigate various features of the maximum charged particle density distri-
butions in 4.5A and 14.5A GeV/c '^ ^Si-nucleus collisions. In order to extract 
the dynamical contribution to the observed fluctuations, correlation free Monte 
Carlo events are simulated and analysed. The analytical formalism relating to 
this approach and the experimental results are presented in Section 5.2. 
It has been suggested [10] that the geometry of the nuclear collisions and 
the number of participating nucleons play a significant role in particle produc-
tion process resulting in relatively larger fluctuations and random emission. 
-lafi 
It is expected that future experiments involving heavier nuclei at sufficiently 
higher energies, random emission of particles may dominate due to geometrical 
fluctuations and intranuclear rescattering. Information regarding correlations 
and random emission of secondary particles may be gleaned in terms of the 
nearest neighbour spacing spectra of the produced relativistic charged parti-
cles. This aspect has been examined in detail for the experimental and the 
simulated data sets and the results are presented in Section 5.3. 
5.2 Maximum density fluctuations 
5.2.1 Method of analysis 
For investigating various characteristics of maximum particle density dis-
tribution in the pseudorapidity space, r/ distribution of relativistic charged 
particles for a fixed rapidity interval, A77, over the entire r/-range is plotted 
for each event and the number of relativistic charged particles in each 77-bin of 
width Ar/ is counted and the particle density, p = ^ , in each r/-bin is calcu-
lated. Thus, the maximum particle density, Pmax, for each event is determined. 
By examining the various features of pmax, for example, its variation with the 
total rapidity, < Ytot >, of the event, relativistic charged particle multiplicity 
of the event, Ug, and the distribution of j ^ ^ as a function of pmax, presence of 
fluctuations in each event may be looked into. It is worthmentioning that using 
a similar approach, events having very high local density have been identified 
by NA22 collaboration [6]. 
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For examining whether the observed fluctuations are of non-statistical na-
ture, the experimental results are compared with the results obtained using 
the Monte Carlo (MC) simulated data. 
5.2.2 Results and discussion 
Variations of < Pmax > with < Ytot > for various values of pseudorapidity 
window, Ar/. for 4.5A and 14.5A GeV/c '"^ *^ Si-nucleus interactions are exhibited 
in Fig. 5.1: < Ytot > denotes the average value of Ytot in the interval of 1 and 
Ytot is the total rapidity which is calculated using Ytot = 2Xl"=i'7i/ns, where 
Ug represents the number of relativistic charged particles in a collision. It may 
be noticed in the figure that value of < p^ax > decreases exponentially with 
< Ytot > for the two data sets for various Ar/ values. Furthermore, the value 
of < Pmax > is found to be relatively larger for the data on the higher beam 
energy. However, for < Ytot > > 10; < Pmax > turns out to be essentially en-
ergy independent. 
The curves in the figures represent the best fits to the data satisfying the 
following relationship: 
</>max>=a + be-«^->-^°) / ' ' (5.1) 
where YQ is the minimum experimental value of Ytot used for obtaining the 
best fits. The values of the constants a, b and d and x^/D.F. obtained for each 
fit are listed in Table 5.1. 
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and 14.5A GeV/c ^'Si-Em interactions. 
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Table 5.1. Values of the constants a, b and d appearing in Eq. 5.1 and 
x'VD.F. for each fit. 
Interaction type/ 
beam energy 
Si-Em 
4.5A GeV 
Si-Em 
14.5A GeV 
A T] 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
a 
1.25±0.19 
1.51±0.27 
2.13±0.25 
4.63±0.45 
8.81±0.25 
19.41±1.46 
0.95±0.27 
1.33±0.41 
2.15±0.98 
3.96±0.51 
8.60±1.26 
10.27±3.12 
b 
18.76±0.91 
20.88±1.33 
12.87±0.36 
27.70±1.18 
15.99±0.26 
52.00±3.43 
7.52 ±0.30 
11.34±0.25 
13.22±1.12 
18.22±0.36 
17.55±0.54 
33.74±1.39 
d 
1.93±0.14 
1.89±0.18 
2.48±0.16 
2.49±0.21 
2.86±0.13 
2.20±0.30 
2.27±0.23 
2.34±0.49 
2.48±0.56 
2.78±0.16 
2.43±0.21 
2.92±0.49 
X' /D.F 
0.05 
0.19 
0.13 
0.16 
0.04 
1.78 
0.05 
0.16 
0.85 
0.30 
1.04 
1.84 
Distributions of - p ^ as a function of Pmax for various At] values are dis-
played in Figs. 5.2 and 5.3 respectively for the interactions of 4.5A and 14.5A 
GeV/c *^^ Si nuclei with emulsion. These figures also exhibit similar distribu-
tions for the \IC generated events. It may be seen in these figures that the 
distributions tend to become wider and have longer tails with decreasing bin 
widths, Ar;, for both the incident energies. Although the experimental dis-
tributions and the distributions for the simulated data are observed to have 
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similar shapes, yet the values of ^^^ obtained for the experimental data are 
quite different from those obtained for the simulated data, particularly in the 
mid-regions of the distributions. The mean values of the maximum particle 
density, < pmax >, and dispersion, D(pmax), for each distribution, experimen-
tal as well as MC generated, are listed in Table 5.2. It may be of interest 
to mention that the experimental values of both < pmax > and D(/9rnax) are 
comparatively higher than those for the simulated events. The observed higher 
values of the two parameters in comparison to the corresponding values for the 
correlation free simulated events, in turn, reveal the occurrence of high particle 
densities in small r/- bins for the experimental data. This may be due to the 
presence of dynamical correlations and clusterization of the particles produced 
in relativistic A-A collisions. 
Using the value of pmax for each event for a fixed pseudorapidity interval, 
mean values of pmax for the events having multiplicities in the interval, 4 8, 9 
12, 13 16, etc., are calculated. Variations of < pmax > with < Ng > for various 
Ar/ values are plotted in Figs. 5.4 and 5.5; < Ng > denotes the mean number 
of relativistic charged particles in the multiplicity interval considered. It may 
be noted from the figures that < pmax > increases linearly with < Ng > for 
both the data sets. The straight lines in the figures are the least squaresfits 
having the form: 
< Anax > = a - H b < N s > (5.2) 
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Table 5.2 Values of < pmax > and D(/9max) in different pseudorapidity 
intervals for the experimental and simulated events at the 
two energies. 
Energy/Type 
of interaction 
14.5A GeV 
'^ «Si Em 
4.5A GeV 
•^ *^ Si E m 
Ar/ 
1.0 
0.8 
0.5 
0.2 
0.1 
1.0 
0.8 
0.5 
0.2 
0.1 
observed events 
^ Pmax -^ 
6.29± 0.27 
6.82± 0.28 
8.60±0.33 
13.85±0.45 
21.10±0.61 
4.82±0.17 
5.40±0.19 
6.80±0.21 
11.92±0.32 
18.60±0.42 
D(Pmax) 
4.51±0.20 
4.63± 0.20 
5.60±0.24 
7.60±0.32 
10.29±0.43 
3.87±0.12 
4.27±0.13 
4.85±0.15 
7.27±0.22 
9.77±0.30 
simulated events 
*~^  Pmax -^ 
5.72±0.05 
6.30±0.05 
7.83±0.06 
13.11±0.08 
20.81±0.12 
4.82±0.04 
5.33±0.04 
6.77 ±0.05 
11.71±0.08 
19.00±0.12 
D(Pmax) 
3.14±0.03 
3.36±0.03 
4.00±0.04 
5.93±0.06 
8.68±0.09 
2.67±0.03 
2.87±0.03 
3.42±0.03 
5.30±0.05 
8.06±0.08 
The values of a, b and x'^/D.F. for various fits are presented in Table 5.3. It 
may be seen from the table that, in general, the value of 'b' increases with 
decreasing Ar;. however, its value is found to be essentially independent of 
the beam energy. Thus, for a fixed value of Ar/, an energy independent rela-
tionship between < pn,^^ > and < Ng > is obtained. Similar behaviour for the 
dependence of < p^ax > on < Ng > has been reported by NA22 collaboration 
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[6] for 7r+-p, k+-p and p-p collisions at 250 GeV projectile energy. 
Table 5.3 Values the constants a and b appearing in Eq. 5.2 and 
/ / D - F . for each fit. 
Energy/Type 
of interaction 
14.5A GeV 
2SSi Em 
4.5A GeV 
«^Si Em 
Arj 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
1.0 
0.5 
0.5 
0.2 
0.1 
0.05 
a 
-0.11±0.72 
-0.47±1.67 
2.11±0.91 
5.29±3.99 
9.15±1.38 
23.71±9.90 
-0.53±0.80 
-1.06±1.35 
0.44±0.76 
3.71±1.02 
9.31±1.06 
16.86±2.67 
b 
0.43±0.01 
0.48±0.01 
0.45±0.01 
0.59±0.01 
0.81±0.01 
0.81±0.01 
0.40±0.03 
0.46±0.04 
0.48±0.02 
0.63±0.03 
0.75±0.03 
1.10±0.09 
X7D.F. 
0.85 
2.43 
1.13 
1.69 
2.35 
2.31 
2.91 
4.02 
2.57 
1.90 
1.06 
1.03 
5.3 Fluctuations in rapidity gap spectra 
5.3.1 Method of analysis 
In order to look for the occurrence of fluctuations in rapidity gap spectra, 
the pseudorapidities of the particles produced in a collision are arranged in 
decreasing order. If n represents the number of particles in a limited pseudo-
rapidity bin, A77, with pseudorapidity values ryi,772,r/3, ri„, then the average 
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spacing between two consecutive particles is given by s = ^ . The r/-windows 
are selected in such a way that \r)mm ~ %| = |'?max — ?7o| = -^, where T/Q is the 
centre-of-mass hadron-nucleon rapidity. 
A comparison of the detailed structure of the nearest neighbour spacing in 
different collisions is carried out in terms of a re-scaled variable [3], x, = r/,/s, 
where i = 1, 2, n. The range of the re-scaled arguments of the particles 
is, thus, defined by |x| < n/2. The k-order spacing between the particles in 
terms of the re-scaled arguments is given by s^  = x,^ k_,.i — Xj, which denotes 
the nearest neighbour spacing for k = 0. It may be mentioned that if N(x) is 
the number of particles with positions from —n/2 to x, then 
N(x) = /!„/2dxV(x') where p{x) = sp{T]) 
For a sequence of particles with pseudorapidities r/, with constant average spac-
ing, the averaged value of N(x), < N(x) >, would lie on a straight line, with 
slope 1/s Thus, the intensity of fluctuations in each event around a straight 
line may be measured in terms of the least squares deviation [10]: 
D(n) = mmii :0 ,d(x)[N(x) - (a-}-bx)]^ (5.4) 
According to the Random Matrix Theory [10,11], for a purely random sequence 
of correlation free particles with uniform density, which is essentially a Pois-
son ensemble, is calculated from < D(n) >po,sgon = n/15, n being the particle 
multiplicity in an event. 
In the present study, in addition to the experimental results on 4.5A and 
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14.oA GeV/c '^ ^^Si-iiucleus interactions, results on two randomly simulated data 
samples, Setl and Set2, each comprising of 3000 identical events are presented: 
both the data sets are so simulated that the multiplicity distribution of the 
charged particles are similar to the corresponding multiplicity distribution ob-
served for 14.oA GeV/c '^ '^ Si-nucleus collisions. However, for Setl, relativistic 
charged particles in each event are set to have uniform pseudorapidity distri-
bution in the r/-range covered. For Set2, pseudorapidity values in each event 
are set to have Gaussian like distribution having the mean values and the 
dispersion equal to the corresponding experimental values obtained for 14.5A 
GeV/c '"^^Si-nucleus interactions. 
5.3.2 Results and Discussion 
Scatter plots of D(n) against n for various 77-windows, W obtained for Sets 
1 and 2 are exhibited in Figs. 5.6 and 5.7. The shaded circles in the figures 
correspond to the average values of D(n) for the events having a fixed mul-
tiplicity, whereas the straight lines are due to Poisson type distribution. It 
is noticed from the figures that for Setl , values of < D(n) > lie on straight 
line as a consequence of Poisson distribution irrespective of the window size, 
liowever, for Set2 having Gaussian type T] distribution , < D(n) > ~ n/15 only 
for W ~ 1.0, while for larger 77-windows, the values of < D(n) > are found to 
be significantly away from the straight line resulting from Poisson distribution. 
It is worthmentioning that this trend of departure of the values of < D(n) > 
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from tlie straight line is expected as the single particle inclusive distribution 
for smaller windows are rather more even. 
Dependence of < D(n) > on n for different pseudorapidity windows for the 
experimental data on 4.5A and 14.oA GeV/c ''^ **Si-nucleus interactions are ex-
hibited in Fig. 5.8. Two data samples each comprising of 3000 events each 
corresponding to 4.oA and 14.5A GeV/c are generated using FRITIOF of 
Lund Model [11] for a comparison with the experimental results. The plots of 
< D(n) > versus n for the simulated data are also exhibited in Fig. 5.8. It 
is worthmentioning that the values of < (D(n) >, for both experimental and 
FRITIOF data, are observed to lie on a straight line for all 77-windows having 
the widths Iving in the central region of the pseudorapidity spectra except that 
the fluctuations are large in the region of large multiplicity values. This might 
be due to the statistical reasons as the number of events is very small in this 
region. However, on increasing the window size, covering all the regions of 
f/-spectium, values of < D(n) > turn out to be higher than those expected on 
the basis of Poisson distribution. 
In order to examine the correlation effects at higher beam energy and in the 
case of heavv colliding nuclei, data samples, each having 2000 events, corre-
sponding to the 'K)-Em and '^^ S-Em interactions at 200A GeV and ^osp^jzosp]^ 
collisions at loSA GeV have been generated using FRITIOF. A sample of 2000 
events corresponding to the I08A GeV/c '^ "^Pb-'^ "^Pb interactions has also been 
generated using the event generator VENUS, based on the multi-string model 
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Fig.5.8 Plots of <D(n)> and n for selected rapidity windows 
for 4.5A and and 14.5A GeV/c Si-Em collisions. 
\a 
[12]. Variations of < D(n) > with n for all these data sets have been displayed 
in Figs. 5.9 and 5.10 for various rapidity windows considered; the window size 
IS chosen such that the r/ values lie in the central region of rj distribution. It 
may be of interest to note that the data corresponding to the different inci-
dent energies and for the various projectiles lie on the line corresponding to 
< D(n) > ~ n/15. These observations, therefore, tend to suggest that in the 
central region, the random emission of particles does dominate and the corre-
lation between the produced particles, if any, appears to be suppressed. 
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Fig. 5.9 Plots of <D(n)> and n in different rapidity windows for FRITIOF 
events for 't)-Emand ^ l^-Em collisions at 200A GeV/c. 
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Fig. 5.10 Plots of D(n) and n in fixed rapidity windows for FRITIOF 
and VENUS data for 158A GeV/c Pb-Pb interactions. 
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CHAPTER VI 
SUMMARY A N D CONCLUDING REMARKS 
Interest in the study of relativistic heavy-ion collisions has increased man-
ifold during the recent years. It is because of the realization that nuclear 
collisions at relativistic energies may provide a unique opportunity to disen-
tangle information regarding quark-gluon plasma, speculated to be formed in 
these collisions. Quark-gluon plasma (QGP) is elusive in nature as it is very 
short lived and very small in size; QGP is a few fermi in diameter and sur-
vives for about 5 to 10 fm/c only. Study of relativistic nuclear collisions in the 
fixed target mode became possible with the availability of ion beams from the 
AGS and SPS Currently RHIC is producing ultra-relativistic collisions at the 
centre-of-mass energy of ~200 GeV per nucleon. On the other hand, LHC, 
which is scheduled to become operational in 2005, would provide centre-of-
mass energy of about 6.4 TeV per nucleon pair for Pb-Pb collision. Several 
large detectors are under construction to analyze the products of these inter-
actions for investigating the formation of quark-gluon plasma. 
It has been suggested that QGP may be formed at an early stage of 
relativistic heavy-ion collisions, which as a result of expansion and cooling, 
hadronizes so that hadrons are observed in the final state of the collisions. 
It is, therefore, difficult to attain conclusive evidence about the formation of 
QGP in these collisions. However, despite these difficulties, many signatures 
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of the formation of QGP have been proposed. 
Study of non-statistical fluctuations in multiplicity and pseudorapidity dis-
tributions of relativistic charged particles produced in relativistic heavy-ion 
collisions is considered as one of the most useful procedures to examine the 
formation of QGP in these collisions. Particular emphasis in this regard is, 
therefore, given to look into the presence of non-statistical fluctuations which 
is envisaged to yield valuable information about QGP formation. The idea 
of using fluctuations as a probe for the production of QGP is based on the 
fact that QGP, if formed in a collision, would manifest itself in the form of 
non-linear emission of particles producing unusual peaks and valleys in the 
multiplicity distributions. 
Fluctuations in the multiplicity and pseudorapidity distributions of the 
particles produced in relativistic nuclear collisions may not be entirely due 
to dynamical reasons only; there may be other reasons as well which may be 
purely statistical ones, like the fluctuations due to the difference in the impact 
parameter of the various collisions from which these particles originate. It 
may be of interest to mention that for looking at the fluctuations which might 
result due to occurrence of some physical processes in the collisions, statistical 
contribution to these fluctuations must be separated out. 
Power law behaviour for the scaled factorial moments, Fq, with decreas-
ing pseudorapidity bins, STJ, called intermittency, has been proposed to be an 
indication for the presence of dynamical fluctuations. In the present study. 
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this approach is used to look for the presence of non-statistical fluctuations in 
the interactions of 4.oA and 14.5A GeV/c '^^ Si nuclei with emulsion, CNO and 
AgBr targets. The plots of In < Fq > against —In Srj for the three categories 
of the interactions show linear rise confirming thereby power law behaviour 
and thus indicating the presence of intermittency in these interactions. Scaled 
factorial moments are observed to have higher values for the interactions due 
to CNO as compared to their values for the interactions due to AgBr targets. 
This is attributed to the fact that multiplicity resulting from the interactions 
due to CNO will be comparatively low. 
The strength of the intermittency effect is investigated in terms of the 
slopes of log-log plots between < Fq > and —6rj. The slope parameter, 0q, is 
observed to increase with the order of the moment, q. Further, for each order 
of the moment, the value of 0q is found to be higher for the case of higher 
incident energy. 
The fractal nature of particle emission source is examined in terms of 
anomalous dimensions, dq, which are directly obtained using the slope pa-
rameters, (/iq. The anomalous dimensions are found to increase with the order 
of the moment, q. Furthermore, the value of dq is found to be higher for 14.5A 
GeV/c ^*Si-nucleus collisions as compared to those for 4.5A GeV/c '•^^Si-nucleus 
collisions for each order of the moment. 
The intermittent behaviour in the final state of multiparticle production 
in relativistic nuclear collisions may be a projection of the occurrence of a 
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non-thermal phase transition. This aspect is investigated in terms of the be-
haviour of Aq(= ^a±i) by plotting Aq as a function of q. In the present study, 
for the interactions of '•^ '^ Si nuclei with emulsion, Aq versus q plots show a dis-
tinct minimum whereas for other types of interactions, the resulting curves are 
observed to saturate. The observed distinct minimum may be an indication 
for the occurrence of a non-thermal phase transition in the collisions and the 
saturation effect may be because of the fact that analysis is carried out only 
upto q = 6. 
The scaling behaviour of scaled factorial moments with respect to the 
second order scaled factorial moments is studied in terms of the Ginzburg-
Landau description. The value of In < Fq > is found to increase linearly with 
In < F2 > for all the three types of interactions considered. The slopes, /Sq , 
are found to exhibit power law behaviour with (q-1). The values of the slopes 
of ln/3q versus In(q-l) plots for the various interactions are found to be positive. 
Multiparticle production data may exhibit fractal behaviour analogous to 
the well known phenomenon of self-similarity in geometrical and statistical sys-
tems. In the present work, characteristics of multifractality in 4.5A and 14.5A 
GeV/c ^*^Si-nucleus collisions are investigated using the multifractal moments, 
Gq, as a function of the phase space interval 5r]. It is found that In < Gq > 
rises linearly with —In 6ri to a certain extent and thereafter the plots are ob-
served to saturate. The linear rise manifests self-similarity in the mechanism of 
multiparticle production in the interactions considered. The saturation effect 
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is due to increase in the number of bins with multiphcity 0 or 1 with decreasing 
bin size Similar trends are also observed in the case of FRITIOF simulated 
data. 
The dynamical component of the mass exponents, T^^", is observed to de-
viate distinctly from (q-1), indicating thereby the occurrence of dynamical 
fluctuations. Furthermore, the generalized dimensions, Dq, are observed to 
satisfy the condition of multifractality, i.e., Dq > Dq' for q < q' for the various 
mteractions considered in the present work. Further, the generalized dimen-
sions are found to be positive for all the orders of the moment and demonstrate 
a decreasing trend with increasing q, which is a general property of the multi-
fractals. 
The spectral function, f(aq), which gives a quantitative description of the 
fluctuations in the dense and sparse regions of multiplicity distribution, is 
found to be smooth, concave downwards with its maximum taking place around 
q = 0. The spectral function is not observed to peak in for all the three types 
of interactions considered, indicating thereby non-smooth nature of the multi-
plicity distribution of the particles produced in these interactions. 
Correlation and clusterization amongst the relativistic charged particles 
produced in various interactions considered are investigated in terms of the 
maximum rapidity density distribution of relativistic charged particles in nar-
row pseudorapidity bins, At]. It is found that maximum charged particle 
rrmltiplicity, Pmax, decreases exponentially with the total pseudorapidity for 
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each event. The distribution of maximum particle density, dN/dpmax with re-
spect to p„iax exhibits almost a similar trend irrespective of the bin size, Ar/. 
These distributions when looked into the Monte Carlo background, indicate 
the presence of dynamical fluctuations and clusterization. The average value 
of the maximum particle density, < pmax > increases linearly with increasing 
multiplicity of relativistic charged particles. On the other hand, for a given 
multiplicity, < pmax > is observed to increase with decreasing rj bin width. 
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